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1.  INlKODLICTION 


A systomal  ii-  investigation  is  being  eondiic  ted  of  thi'  el  fects  of 
rare-earth  (Kf.)  additions  to  Ti-bAl-AV.  file  first  pltase  of  tiiis  investigation, 
whieli  is  reported  here,  is  tlie  dett'rininat  ion  of  the  influence  ol  different 
eoneentrat  ions  of  erbium,  yttrium,  and  misc'hmetal  on  the  mic  rostructure  and 
room-temperature  tensile  properties  of  Ti-bAl-4V  subjected  to  various 
annealing  procedures. 

•A  near-term  objective  of  this  research  is  tci  demonstrate  that  metallic- 
rare-earth  additives  can  improve  the  high-temperature  formability,  and 
thus  reduce  fabrication  costs,  of  Ti-bAl-4V  without  adversely  affecting 
the  strength  and  toughness  of  tlu>  alloy.  Moreover,  previous  studies 
of  rare-earth  additives  to  a-Ti^  ^ form  the  basi.c  for  expecting  that 
appropriate  combinations  of  rare-earth  additives  and  processing  conditions 
will  be  effective  for  improving  other  characteristics  of  Ti-6A1-4V,  such 
as  high-temperature  strength,  corrosion  resistance,  and  low-temperature 
formabil ity . 

The  mechanical  and  fracture-mechanics  properties,  as  well  as  the 
formability,  of  most  materials  are  directly  related  to  the  size  and  distri- 
bution of  grains,  cells,  and  phases  in  the  polycrystalline  aggregate. 

Refining  the  polycrystalline  structure  not  only  improves  both  the  physical 
and  chemical  properties  but  also  assures  uniformity  throughout  the  structure. 
Microstructura 1 refinement  in  Ti  alloys  is  frequently  achieved  by  repeated 
cold-reduction  and  annealing,  hot  rolling  at  moderate  temperatures,  thermal 
cycling  at  the  allotropic  temperature,  and  addition  of  alloying  elements. 

While  most  of  these  processes  have  been  moderately  successful  they  have 
not  been  proved  to  be  either  cost  effective  or  desirable  for  welding, 
stress-corrosion  resistance,  or  prolonged  h igli- temperature  exposure. 

In  this  investigation,  the  approach  is  to  introduce  into  Ti-6Al-sV  a 
uniform  dispersion  of  fine  (<70  nm  diam),  second-phase,  rare-earth  particles, 
which  are  particularly  effective  for  refining  the  alloy  inicrostructure  and 
retarding  grain  growth.  Specifically,  metallic  Er,  Y,  and  mischmetal  (MM) 
were  added  in  small  concentrations  (0.01-0.2  wt%)  to  T1-6A1-4V  melts. 
Mischmetal,  which  is  a mixture  of  La,  Ce , and  Nd , was  selected  as  a possibly 
lower-cost  alternative  to  Y or  Er.  All  of  the  rare-earth  metals  used  are 
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m i S(.' i li  1 1'  in  all  pro|uir  t i oiis  with  T i in  lIh-  liquid  statu.  Ir  has  m I i p,  i h 1 1- 

saluhililv  in  solid  T i at  ali  t i'm|U'ra  t u ros  . Tho  maximum  so  1 uli  i I i t i os  iu 

-ii,  at  1 i(iO- 1 ■n)()°(! , ol  Y,  La,  and  (io  aro  apiirox  i ma  t o I y i,  ■'< , and  j wt  , 
rospis- 1 i VO  i y . Tlu'  maximum  so  1 ub  i 1 i t icss  in  u-ii,  at  about  ol  Y,  La, 

and  do  ari'  approx  imato  1 y 0.1,  4,  and  4 wt'Z,  ri'spoo  t i v«.' 1 y . At  room  t i-m|)o  ra  t uro  , 

Lr  and  Y havi’  lU'^li^ibio  soluliility  in  'I'i,  but  approx  i ma  t o I y I wt/.  La  or  do 

is  solulilt.’.  Whon  addod  to  Ti-illoys  in  oonoon  t ra  t i ons  loss  tlian  1 wt/,  hr 
.nid  Y should  proi’ipitato  as  sooond-phaso  disporsoids  as  an  alloy  is  ooolod, 
whoroas  motailio  MM  sliould  remain  in  soiution.  An  important  practical 
consideration  is  the  difficulty  of  preventing  the  formation  of  stabie 
rare-oartli  oxides  in  MM  before  it  is  dissolved  in  molten  Ti  during  normal 
al loy-cast ing  procedures.  Thus,  of  the  amount  of  MM  added  to  an  alloy, 
only  a fraction  will  bo  dissolved  and  tlie  remainder  will  be  in  the  form 
of  oxide-particle  inclusions. 

A recent  study^  showed  that  Y.,0^-additive  is  a beta-grain  refiner  in 
fi-6Al-4V  and,  according  to  one  producer,  decreases  tlie  cost  of  ingot 
reduction  by  at  least  6/.  However,  in  contrast  to  Y and  other  rare-earth 
metals,  V,,0^  is  practically  Insoluble  in  molten  Ti  at  temperatures  usually 
achieved  in  alloy  production  and  remains  as  large  (1-10  pm)  inclusions. 
Furthermore,  the  particles  tend  to  agglomerate  in  T1-6A1-4V  and  can 

degrade  the  tensile  strengtii  and  fracture  toughness,  particularly  in  the 
short  transverse  direction. 

The  results  presented  in  this  report  show  that  metallic  rare-earth 
additives  effectively  refine  tlie  microstructure  and  increase  the  ductility 
of  T1-6A1-4V  witliout  significantly  affecting  the  room-temperature  mechanical 
properties.  Tlie  qualitative  improvement  in  formability  observed  during  the 
hot  rolling  of  small,  5.4-kg  Ti-6A1-4V-RE  ingots  supports  the  contention  that 
metallic  rare-earth  additives  can  reduce  the  cost  of  alloy  fabrication. 
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2.  ALLOY  PRLI’ARATIONS* 

2.1  IngoL  I’roparat  ion 

O.l-kg  Button  Ingots:  For  preliminary  asse.ssment  of  the  melting 

eharaeter  1st  ies  and  the  microstnictural  eliange.s  effected  by  the  addition  of 
Lr,  Y,  and  MM  to  T1-6A1-4V,  0. 1-kg  button  ingots  of  Ti-6A1-4V  (reference 
alloy),  Ti-f)Al-4V-l . OEr , T1-6A1-4V-0. 48Y,  and  T1-6A1-4V-0. lOMM  were  prepared 
by  vacuum-arc-melting  the  alloys  in  a water-chilled  copper  hearth.  Each 
button  was  prepared  from  a mixture  of  Ti-6A1-4V  and  metallic  rare-earth.  An 
additional  T i-6Al-4V-l . OEr  alloy  was  prepared  by  adding  the  appropriate 
quantity  of  Al-Er  master  alloy  instead  of  metallic  Er.  The  button  ingots 
confirmed  that  the  rare-earths  refine  the  microstructure  of  Ti-6A1-4V  and 
proved  the  feasibility  of  utilizing  a master  alloy  containing  rare-earth 
metal  for  the  casting  of  Ti-6A1-4V-RE  alloys. 

5.4-kg  Ingots:  Figure  1 is  an  outline  of  the  alloy  preparations  and 

heat-treatments  for  most  of  this  study.  Fifteen  5.4-kg  T1-6A1-4V  ingots  with 
various  rare-earth  additions  were  prepared  to  determine  the  effects  of 
varying  the  concentrations  of  Er,  Y,  and  MM.  The  nominal  compositions  of 
the  0.1-kg  and  5.4-kg  ingots  are  given  in  Table  1 together  with  the  form  of 
the  rare-earth  addition  for  each  ingot.  All  of  the  5.4-kg  ingots  were 
prepared  with  the  same  lots  of  Ti  sponge  and  Al-V  master  alloy.  The  chemical 
analyses  of  the  starting  materials  are  given  in  Table  2,  and  the  chemical 
analyses  of  the  as-cast  ingots  are  given  in  Table  3. 

Ingot  Melting:  The  ingots  were  melted  in  vacuum  by  the  consumable- 

electrode  arc-melting  method.  Each  5.4-kg  charge  consisted  of  five  76-mm 
diam  pressed-br Iquettes  of  blended  Ti-sponge,  Al-V  master  alloy,  and  Al-RE 
master  alloy.  The  briquettes  were  welded  together  in  tandem  to  form  the 
consumable  electrode,  which  was  melted  into  a water-cooled,  120-mm  diam, 
copper  mold.  Each  molten  ingot  was  conditioned,  inverted,  and  melted  a 
second  time  to  achieve  compositional  homogeneity. 

* 

Ingots  for  this  Investigation  were  cast,  forged,  and  rolled  by  Crucible 
Materials  Research  Center,  Colt  Industries,  Inc.,  Pittsburgh,  PA. 
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Figure  1.  Outline  of  alloy  preparations  and  heat  treatments  for  study  of  microstructures  and 
room-temperature  tensile  properties  of  Ti  6AI-4V  alloys  with  erbium,  yttrium,  and 
mischmetal  additions. 
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TABLE  1.  Ti-6AI-4V-RE  INGOT  PREPARATIONS 


■ 

Ingot 

number 

Nominal 

composition 

Ingot  mass 
(kg) 

Form  of 
rare-earth 
additive 

614 

Ti  6AI-4V 

0.1 

_ 

615 

Ti  6AI-4V-0.10MM 

0.1 

MM  granules 

616 

I.OEr 

0.1 

Er  metal 

617 

0.48Y 

0.1 

Y metal 

660 

I.OEr 

0.1 

Al  Er  master  alloy 

14 

Ti-6.15A14.1V 

5.4 

_ 

_ 

4 

Ti-6.15AI4.1V-0.020Y 

5.4 

Al-Y  master  alloy 

5 

0.050Y 

5.4 

15 

-0.10Y 

5.4 

16 

1 

-0.30Y 

5.4 

8 

Ti-6.15AI-4.1V  0.010MM 

5.4 

AI-MM  master  alloy 

9 

1 -0.030MM 

5.4 

10 

-0.080MM 

5.4 

11 

I -0.20MM 

5.4 

12 

\ -0.20MM 

5.4 

MM  granules 

25 

Ti-6.15AI-4.1V-0.10Er 

5.4 

Al  Er  master  alloy 

26 

-0.30Er 

5.4 

27 

-0.80Er 

5.4 

28 

-2.0Er 

5.4 

1 

29 

1 -0.80Er 

5.4 

Er  metal 

1 


TABLE  2 CHEMICAL  ANALYSIS  OF  STARTING  MATERIALS  FOR  Ti  6AI4V  RE 
INGOT  PREPARATIONS 


Mdteridl 


Element  Weight  percent 


1 1 spoiu)!'.  Mg  Induced.  BiiiudI 
h.ii dness  luimlxM  140  (max) 


Al  V master  alloy 


Al  shot 


Al  Y master  alloy  (supplied  by 
Molycorp,  Inc.,  White  Plains,  NY) 


Mischmetal,  13  mm  diam  rod 
(procured  as  Ceralloy  100X  from 
Ronson  Metals  Corp.,  Phoenix,  AR) 


Ti 

99,8 

C 

0.02 

Cl 

0.09 

H 

0.002 

Fe 

0.02 

Mg 

0.04 

Mn 

0.001 

N 

0.008 

0 

0.09 

Si 

0.004 

Al 

45.9 

V 

53.8 

B 

0.0003 

Fe 

0.28 

Mo 

0.08 

0 

0.03 

Si 

0.32 

Al 

99.0  min 

Fe 

0.40  max 

0 

0.10  max 

S 

0.25  max 

Al 

23.5 

Y 

76.5 

C 

0.13 

Cu 

0.12 

Fe 

0.10 

0 

1.0 

V 

0.05 

Ce 

53 

Gd 

2 

Nd 

16 

Pr 

5 

La  and  other  RE 

24 

total  RE 

99.9 

Al 

0,01 

Ca 

0.01 

Fe 

0.05 

Mg 

0.025 

Si 

0.01 

Er 

99.9+ 

Ca 

0.01 

Fe 

0.02 

Mg 

0.01 

Si 

0.01 

Ta 

0.01 

Erbium  (procured  from 
Research  Chemicals) 


TABLE  3.  CHEMICAL  ANALYSES  OF  Ti-6AI4V/RARE  EARTH  5.5  kg  INGOTS 


Rare-earth 
addition 
(wt  %) 

Chemical  composition  (wt  %) 

Al 

V 

C 

H 

Fe 

N 

O 

Top 

Center 

Bottom 

14  None 

6.1 

3.8 

0.029 

0.0056 

0.14 

0.044 

0.173 

0.181 

0 177 

4 002Y 

5.9 

3.7 

0.033 

0.0050 

0.13 

0.041 

0.160 

0.148 

0.159 

5 0.05Y 

5.9 

3.8 

0.032 

0.0054 

0.09 

0.037 

0 160 

0 176 

0 155 

15  0.10Y 

6.2 

3.8 

0.026 

0.0050 

0.11 

0.040 

0.165 

0.172 

0 171 

16  0.30Y 

6.3 

4 0 

0.029 

0.0058 

0.11 

0.040 

0.172 

0.185 

0.173 

8 0010MM 

6.0 

3.7 

0.025 

0.0051 

0,19 

0.026 

0.137 

0,143 

0 138 

9 0.030MM 

6.1 

3.7 

0.025 

0.0046 

0 09 

0.033 

0.191 

0.142 

0,147 

10  O.OSOMM 

6.1 

3.8 

0.026 

0.0071 

0.1 1 

0.039 

0.171 

0.157 

0.150 

11  0.20MM 

6.1 

3.8 

0.023 

0.0068 

0.07 

0.028 

0.155 

0.162 

12  0.20MM 

6.3 

3.8 

0.028 

0.0062 

0 07 

0.038 

0.160 

0.157 

25  O.IOEr 

6.1 

3.9 

0.047 

0.0061 

0.09 

0 034 

0,169 

0.158 

0.151 

26  0.30Er 

6.2 

3.9 

0.025 

0.0055 

0 09 

0.029 

0.142 

0.146 

0 140 

27  O.SOEr 

6.4 

3.9 

0.036 

0.0046 

0.08 

0.029 

0.153 

0.149 

0 151 

28  2.0Er 

6.4 

3.9 

0.041 

0.0044 

0.08 

0.033 

0.164 

0.170 

29  0.80Er 

6.4 

3.9 

0.038 

0.0056 

0.03 

0.034 

0.158 

0.147 

0.167 

GP77-04M-3 

Insot-Forging 

: The  forging  and 

rolling 

reductions  i 

of  the 

ingots 

are 

shown  schematically  in  1 

Figure 

2.  Before  the 

ingots  were 

forged,  a 20 

i-mm 

thick  slice  was  cut  from  the 

bottom 

of  each 

ingot 

for  studies 

of  the 

as-cast 

microstructures . 

In  preparation  for 

forging 

, the 

ingots 

were 

coated 

with 

Metlseel  RA-537  . 

The 

ingots 

were  heated  to 

1010 

°C  (1850°F)  and  drawn  into 

octagonal  prisms  (approximately  180 

mm  long 

and  90  mm  between 

parallel  sides) 

on  a 1800-kN  (200 

ton)  1 

press 

in  three  steps. 

with 

reheating  of 

the  ingots 

at  each  step.  The 

octagonal 

prisms 

were  then  upset-forged  30% 

at  1010°C 

(1850°F).  Ti-6A1- 

4V-2.I 

OEr,  T1-6A1-4V-0. 20MM 

, and 

Ti-6A1 

-4V-0. 

80MM  ingots 

exhibited  severe  c 

racking  during  ini 

tial  forging 

at  1010 

°C  and 

were  therefore 

forged  at  1120°C  (2050°: 

F)  for 

the  remaining 

forging  steps. 

After  being  upset- 

forged 

, the  ingots  were  grit-blasted,  ground. 

and 

pickled  to  remove 

al 1 cracks 

from  the  original  sides.  The  ends  were 

not 

ground,  but  severe 

end-- 

cracking  of  the  Ti-6A1-4V- 

0. 20MM 

ingots 

necessitated 

Tradename  of  G1 idden-Durkee  Division  of  SCM  Corp . , Cleveland,  OH. 


I' ii'pp  ing  llio  oiuls  t)f  lIu'Si'  inj^uts.  The  ingots  were  conditioned,  coated  again 
with  Metlsec’l  RA-5J7,  healed  to  l()l()°C  (1I2()°C  in  the  < ase  of  T i -6A 1 -4V-0 . 20MM  J 
and  drawn  into  approximately  51  x 100  x 120  mm  plates.  Uuring  this  last 
li'rging  sti.'i').  the  T i-6A  1 -4V-0 . 20MM  ingots  again  developed  severe  surtace 
cracks,  which  were  removed  hy  grinding. 


T“ 

100mm 
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1 20  mm 


I 


-200  mm- 


-51  mm 


vv — ^ 


20  mm  sample 


Sample 
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Hot  roll 

51  mm  -*  20  mm 
1010°C;  7 passes 

t 


o 


n 


GPr7  048039 


Figure  2.  Forging  and  rolling  steps  for  5.4-kg  Ti-6AI4V-RE  ingots. 


Ingot  Rolling:  The  forged,  51-mm  thick  plates  were  heated  to  1010°C 

(1850°F)  and  rolled  in  seven  passes  to  a thickness  of  20  mm.  This  rolling 
required  24-50  s for  each  plate,  and  the  sheets  cooled  to  approximately 
800°C  (1400°F)  by  the  time  of  the  final  pass.  The  T1-6A1-4V-0 . 20MM  ingots 
developed  gross  surface  tears  during  rolling,  but  the  other  alloy  compositions 
were  free  of  cracking.  A 100-mm  long  section  for  short-transverse  tensile 
test  specimens  was  cut  from  the  center  region  of  each  rolled  plate,  and 
the  remaining  two  pieces  of  each  plate  were  heated  to  955°C  (1750°F)  and 
rolled  in  five  passes  to  a final  thickness  of  3 mm.  Tills  final  rolling 
procedure  required  17-35  s during  wliich  time  the  sheets  cooled  to  approximately 
700°C  (1300°F). 
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For  Lho  Ti-6A1-4V  rfftTeiu-c , Ti-f)Al-4V-Y , ,iiid  Ti-(iAl-4V-MM  in^iits,  llu- 
rolling  I'l'l'i-o  for  oaoli  pass  was  moasurod,  and  tiu-  rosults  art-  givon  in 
I'ablo  4.  Bocanse  t ho  ro  1 1 o r- f oroos  for  tlio  small  plaUss  oould  not  bo  mt'asurod 
aoooratoly  and,  furthor,  booauso  Lho  tomporaturos  during  rolling  wore  not 
moasuri'd,  Lho  ro  1 1 ing-f oroo  data  in  Tablo  4 only  qua  1 i t at i vo 1 y moasuro  the 
hot- 1 ormab L 1 i t V t)f  tho  alloys.  Novor t ho  1 oss  , tho  t rood  towards  lowor  rolling 
foroos  as  tho  temporaturo  dooroasos  is  cloar  for  tho  RK-oontaining  alloys 
oomparod  with  tho  reforonco  alloy. 

I’hotographs  of  the  odges  of  3-mm  roliod  plates  are  shown  in  Figure  3; 
those  photographs  show  qualitatively  the  relative  cracking  during  rolling 
for  the  various  typos  and  concentrations  of  rare-earth  additives.  The 
edge-cracking  is  comparable  in  the  cases  of  the  Ti-6A1-4V  reference  alloy, 
Ti-6Al-4V-0.  lOY,  Ti-6Al-4V-0 . 30Er , and  Ti-6A1-4V-0,030MM.  For  .smaller 
rare-earth  concentrations,  the  edge  cracking  of  the  alloys  with  RE  additives 
is  less  than  that  of  the  T1-6A1-4V  reference  alloy.  The  edgc-cracking  in 
Ti-6Al-4V-0. 02Y  and  Ti-6Al-4V-0. lOEr , in  particular,  was  negligible. 

2 . 2 Heat  Treatment 

The  rolled  sheets  were  each  cut  into  60-mm  lengths  for  anneals  at 
T--56°C,  Tg-28°C,  Tg+28°C,  and  Tg+56°C,  where  Tg  is  the  3-transus  temperature 
for  each  alloy.  Specimens  were  annealed  at  Tg-56°C  and  Tg-28°C  for  15,  30, 

60,  and  240  min  and  at  Tg+28°C  and  Tg+56°C  for  5,  15,  30,  and  60  min. 

Following  the  high-temperature  anneals,  the  specimens  were  water-quenched, 
annealed  at  705°C  for  120  min,  and  air-cooled. 

The  6-transus  temperature  of  each  alloy  was  determined  prior  to 
annealing  by  heating  samples  in  14°C  increments  (6°C  in  some  cases),  holding 
at  temperature  for  15  min,  and  water-quenching.  The  samples  were  then 
polished  and  metallographlcally  examined  for  relative  amounts  of  a and 
transf ormed-3  phases.  The  3-transus  temperature  was  designated  as  the 
lowest  temperature  at  which  the  microstructure  is  completely  transformed-3 
phase.  The  results  are  listed  in  Table  5 and  plotted  in  Figure  4. 
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CP77-t>490-4r 

Figure  3.  Photographs  of  3.2-mm  thick,  hot-rolled  sheets  of  Ti-6AI-4V  with  rare-earth  additives 
as  indicated. 
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i.  MU'.ROSTHlICTllRAl.  CHARACTKR  I ZAT 1 ONS  OK  T i-6Al -.'A'-RI',  AU.OYS 

M if  rosl  nu- 1 nrt»s  i>l'  Aji-^;ist  Al_lovs 

A 2()-mm  tliick  si  iff  was  tau  from  the  bottom  ol  oach  '1.4-kg  alloy  in^^ot 
for  f harac  t or  Lzat  ion  of  tho  as-fast  microst  ruf  turos.  Spiaimc-ns  for 
motallographif  examination  were  prepared  from  tlie  renters  of  the  20-mm  tliifk 
slices.  Figures  5 and  6 show  the  typical  microstriictures  observed  in  tlie 
i'i-bAL-4V  reference  alloy  and  the  rare-earth  containing  alloys.  The  as-cast 
microstructure  of  the  reference  alloy  consists  of  large  grains  with  extensive 
coarse-a  formed  during  camling  at  the  prior-3  grain  boundaries.  In  contrast, 
the  Y-  and  Er-containing  alloys  exhibit  a more  homogeneous  structure.  The 
mischmetal-containing  alloys  do  not  show  any  pronounced  grain  refinement 
(Figure  bb),  and  the  transformed  microstructures  in  Ti-6A1-4V-MM  alloys  are 
similar  to  that  in  the  reference  alloy.  The  preferential  a-nucleation  at 
the  prlor-3  grain  boundaries  observed  in  the  reference  alloy  is  absent  in 
the  Y-  and  Er-containing  alloys,  in  which  the  u-phase  nucleates  uniformly. 

The  grain  size  is  considerably  smaller  In  tlie  Y-  and  Er-containing  alloys 
than  in  the  reference  alloy,  and  the  prior-3  grain  size  significantly 
decreases  with  increasing  concentrations  of  Y and  Er. 
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Figure  5.  Microstructur-'?  of  as-cast  (a)  Ti-6AI-4V  reference  alloy  (Ingot  14)  and 
(b)  Ti-6AI4V-0.30Y  (Ingot  16). 


Figure  6.  Microstructures  of  as  cast  (a)  Ti-6At4V  0.30Er  (Ingot  26)  and 
(b)  Ti-6AI4V  0.010MM  (Ingot  8). 


3.-’  1) i sporso  id  c:h;ir;i£_ti'r  i st  irs 

I'lu’  iKituri'  ol  LIk’  d isiiefso  ids  in  scUTlcd  ra  rf-i'a  r t h-con  t a i n i allavs 
was  stinliiwl  hy  oKw'lron  miiToscnpy  oT  Lliin  foils  and  oxLrarLion  replicas. 

Kij.;uri-s  7a  and  7b  are  ihin-foil  elecLron  micrographs  showing  dispt  rsoids 
in  1' i-bA  I -4V-0 . 1 hV  and  T i -bAl -4V'- 1 . OKr  allovs.  TIr-  dispersoids  are  splu-rical, 
20-70  nm  in  diam,  and  incoherent  with  the  matrix.  Examination  of  foils 
prepafc'd  from  several  alloys  revealed  that  the  density  of  dispersoids  varied 
cons iderah  1 V for  the  same  alloy  composition,  and  in  some  foils  very  few 
dispi'rsoids  could  be  seen.  This  could  be  due  tcj  Ksaching  of  the  dispersoids 
during  electrolytic  thinning  of  the  foils  as  well  as  inhomogeneous  mixing  of 
the  rare-earth  additives  during  melting. 

fhe  small  size  and  uniform  d i.str  ihut  ion  of  the  Er  and  Y dispersoids 
c'bserved  in  Ti-6A1-4V  implies  that  they  precipitated  during  cooling  of  the 
alloy.  Both  Er  and  Y are  soluble  in  all  proportions  in  molten  Ti,  and  the 
in  it  ia 1 -react  ion  step  in  the  preparation  of  the  ingots  for  this  study  was  the 
dissolution  of  the  metallic  rare-earths  in  the  alloy  melts.  Because  the 
negative  f ree-energi  es  of  formation  of  Er.^0  and  Y.,0..  are  higher  than  those 

6)  -J 

of  no.,  and  Al.jO^  . the  dissolved  rare-earths  will  scavenge  oxygen  in  the 
melt  and  to  a lesser  extent  scavenge  interstitial  oxygen  during  h igh-tempera- 
ture  processing  of  the  solid  alloy.  Rare-earth  oxides  formed  in  the  melt  will 
form  fine,  stable  particles  before  the  alloy  is  solidified,  and  it  is  quite 
probable  that  many  of  the  observed  dispersc'ids  are  oxide  precipitates.  The 
compositions  of  the  dispersoids  is  not  a factor  in  their  direct  influence 
on  the  alloy  behavior;  the  important  factors  are  the  small  size  of  the 
dispersoid  particles  that  are  formed  from  the  metallic  rare-earths  dissolved 
in  the  Ti-alloy  melt  and  their  stability  at  the  temperatures  for  which  the 
dispersoid  influence  is  sought  for  modifying  tlie  alloy  behavior. 

The  dispersoid  phase  was  also  studied  by  transmission  electron  micro- 
scopic examination  of  carbon  extraction  replicas  prepared  from  the  alloys. 
Specimens  were  first  polislied  and  etched  in  Kroll's  etchant  . A carbon 
film  was  evaporated  onto  tlie  surface  of  a specimen  and  then  floated  off  by 
dipping  the  specimen  in  dilute  Kroll's  reagent.  The  replicas  were  collected 
on  copper  grids  and  examined  in  the  transmission  electron  microscope. 

ik 

Kroll's  etchant  contains  1-3  ml  HF  and  2-6  HNO.^  in  1000  ml  water. 
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Figure  7.  Thin-foil  electron  micrographs  showing  rare-earth  dispersoids  in  (a)  Ti-6AI-4V-0.16Y 
and  (b)  Ti-6A14V  l.OEr. 
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I'iguri-  H is  .III  «■  1 iH' i roil  mii  ro^r.i|ili  oi  .i  riiilio.i  .siiowiiiK  tin-  d i sporso  ids  in 
.1  n-t)Al-4V-0.  iOY  .illoy.  Si- 1 . o t id-.i  i v.i  dillr.ulioii  (SAU)  p.iltirii.s  wt-ri- 
oiit.iiiu'd  t rom  d i 1 t from  rip.ions  oi  t lu'  ropli.,is.  Tlio  must  Lumnioiily  obsorvod 
p.iLtorns  wt  ii-  I'iihor  iiioomp  1 it  o riii^  p.it  t irii.-, , l li.ir.utir  ist  ii  ot  polyiryst.il 
lino  p.irtiolis  with  priloriid  or  ioiit.it  ions  , iir  s i nn  1 1 rv  si  .i  1 spot  pmtirns; 
tlio  insol  in  i i^nr.'  H shows  .i  tvpio.il  p.ittorn.  1 n 1 rp  1 .iii.i r sp.ioinns  woro 
I'oniputod  iroiii  sovor.il  .S.\l)  p.ittirns,  .ind  tlu'so  aro  1 istod  in  Table  b Lonotlior 
with  tlio  intorpl.iii.ir  sp.ioin^s  oi  Y .ind  AIiIuhikIi  no  iinamb  i^nous 

inioronoi's  o.in  bo  m.ido,  tin-  obsoivod  intorplanar  spaoin>;s  possibly  .iro 
tliose  ol  Y ,0  j p.irtiolos.  Howi’Vor,  the  SAD  patterns  do  not  oxoludo  the 
possibilit\  tli.it  the  disporsoids  are  noMther  Y^O^  nor  Y,  and  thov  may  be 
intornulal  1 io  oonipoiinds  ol  A1  and  Y.  Even  if  the  particles  in  the  replica 
aro  Y,i)^,  no  I'onolu.sion  can  bo  made  as  to  whether  the  particles  were  present 
in  the  .illoy  ni.itrix  .is  Y,,U^  or  as  Y that  oxidized  during  the  replic.i  forming 
and  stripping. 
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Figure  8.  Electron  micrograph  of  carbon-extraction  replica  of  ditpersoids  in  Ti-6AI-4V-0.30Y; 
inset  shows  electron  diffraction  pattern  of  single  dispersoid. 
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TABLE  6.  ELECTRON  DIFFRACTION  INTERPLANAR  SPACINGS  FOR  DISPERSOIDS 
IN  Ti  6AI  4V  0.30Y 


Yttrium  oxide.  Yttrium,  Y Interplanar  spacings  of 

^2^3  hex.,  a =0.36474  nm,  dispersoids  in  Ti-6AI-4V-0.30Y 

b.c.c.,a„=1.0604  nm  c=0. 57306  nm  (nm) 

Inter  Inter- 

planar  ' ®J_  planar  piate  Plate  Plate  Plate  Plate  Plate 

distance,  “ * distance,  4001  4024  4033  4025  4027  4026 

h,k,V  d h,k,V  d 

(nm)  (nm) 


211 

0.434 

220 

0.375 

310 

0.335 

0.323 

100 

0.315 

222 

0.306 

321 

0.283 

002 

0.286 

101 

0.275 

0.270 

400 

0.265 

411,330 

0.250 

0.251 

420 

0.237 

332 

0.226 

422 

0.217 

102 

0.212 

510,431 

0.208 

521 

0.194 

003 

0.191 

0.194 

440 

0.187 

530,433 

0.182 

110 

0.182 

600,442 

0.177 

611,532 

0.172 

620 

0,168 

0.166 

541 

0.164 

622 

0.160 

0.159 

631 

0.156 

0.451 

0.455 

0.451 

0.456 

0.430 

0.427 

0.429 

0.358 

0.356 

0.314 


0.261 

0.266 

0.258 

0.250 

0.243 

0.247 

0.227 

0.220 

0.215 

0.203 

0.193 

0.175 

0.155 


i.  i M i 1.' ros I I'lH' t uft's  t)l  Hot  -WorkoJ * 'LM-'’ 

riio  int  liioiu'o  of  iS-.imioa  1 i amj  u-B  annc‘alin>t  t roa  t iiu-n  t s on  the  iiiii  ro- 
.'t  nu'tura  I c !ian;^i.'s  of  alloys  ho  t - ro  1 1 (..J  uncJor  mill  conditions  was  studied. 

I'ho  alloys  wore  hot-worked  and  heat-treated  according  to  the  sihedule 
outlined  in  Figure  1.  Following  the  h igh- tempo ra t ure  heat  treatments,  t he 
alloy  sheets  were  annealed  at  705°C  for  2 h and  air  cooled. 

Figures  9 and  10  show  the  mi c ros t rue tures  of  alloys  annealed  in  the 
.'-field,  water  quenched,  and  then  annealed  f(jr  2 h at  705°C.  Water  fpieni  h ing 
1 rom  the  o field  results  in  the  needle-like  martensitic  u'  structure,  a 
nonequilibrium,  supersaturtited , a structure  produced  by  d if f usion 1 ess 
transformation  of  the  6 phase.  Upon  annealing  the  martensitic  structure  at 
705°C,  the  a'  transforms  to  equilibrium  a+3.  Thus,  the  microstructures 
showTi  in  Figures  9 and  10  are  the  transformed-^  structures  consisting  of 
a and  iS  plates.  Grain  boundaries  outlining  the  prior-3  grains  can  be  seen. 
Under  identical  6-annealing  conditions,  Y-  and  Er-containing  alloys  exhibit 
a smaller  prior-6  grain  size  than  the  reference  alloy  and  mischmeta 1 -con- 
taining alloys,  and  this  is  true  for  all  6-annealing  times  of  the  schedule 
shown  in  Figure  1. 
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Figure  9.  Microstructures  of  beta-annealed  (a)  Ti-€AI-4V  reference  alloy  and  (b)  Ti-6AI4V-0.30Y- 
alloys  annealed  at  T^  + 56°C  for  5 min  and  water-quenched. 
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(b)  lOOjUm 

Figure  10.  Microstructures  of  beta-annealed  (a)  Ti-6AI4V-0.80Er  and  (b)  Ti-6AI4V-0.080MM 
alloys  annealed  at  T|j  + 56°C  for  5 min  and  water-quenched. 


TIk'  t i mi’-ili‘i>t*ndi*nl  B-griiin  growlti  w;j.s  stiidit'd  at  two  l I'mperaturfs , 

'r_,+  St)°C  aiul  1\+2K°C.  Tiu'  avcragi.'  gra  iii-s  i zo  of  oaoh  annoalod  alloy  was 
ooniimtod  from  a slat  isl  ii-a  1 analysis  ol  at  iiMst  300  grain-sizi-  mcasurenionLs . 
la'ain  size  was  nii-asurod  by  t ho  standard  1 i noa  r- i n t orii’pL  motliod.  figures  il 
and  12  show  the  b-grain  size  as  a tunetion  of  annealing  time  at  T +56“C  for 
fi-(iAl-4V-Y  and  Ti-hAl-4V-fr  alioys;  similar  results  were  obtained  for 
alloys  annealed  at  T^^+28°C.  The  grain  growth  follows  a relationship  of  the 
ti'rm  0 = kt'\  where  I)  is  the  average  grain  size,  t is  the  isothermal 
annealing  time,  and  k and  n are  time  invariants  wltieh  depend  on  temperature 
and  material  parameters.  increasing  amounts  of  Y and  fr  result  in  a 
significant  decrease  of  the  grain-growth  exponent,  n.  A grain  refinement 
of  nearly  an  order  of  magnitude  is  observed  in  alloys  containing  the 
highest  concentrations  of  Er  and  Y.  The  results  clearly  establish  that 
Y and  Er  not  only  effectively  refine  3 grains  but  also  retard  grain  growth 
at  elevated  temperatures. 

Ihe  influence  of  rare-earth  concentration  on  the  B-grain  size  of  alloys 
annealed  at  Tg+56°C  for  1 h is  shown  in  Figure  13.  Of  the  three  rare-earth 
.'.dditives,  Y and  Er  are  more  effective  grain  refiners  than  mischmetal,  with 
as  little  as  0.(15  wt%  Y or  0.1  wt%  Er  effecting  significant  grain  refinement. 

The  net  grain-refinement  observed  in  Ti-6Ai-4V-Er  and  Ti-6A1-4Y'-Y'  alloys 
is  a consequence  of  the  influence  of  Er  and  Y dispersoids  on  both  recrystal- 
lization and  grain  growth.  The  influence  of  second-phase  particles  on  the 
formation  of  recrystallization  nuclei  depends  on  the  size  of  the  particles. 
Fine  particles  inhibit  grain  nucleation  by  the  Zener  drag^  they  exert  on 
the  deformed  substructure,  but  coarse  particles  stimulate  nucleation  by 
acting  as  nucleation  sites.  Recrystallization  is  retarded  by  fine  second- 
phase  particles  because  of  the  drag  they  exert  on  freshly-formed  grain 
boundaries . 
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□ Ti  6A1  4V 
0 Y Jlloys 
A Er  dtloys 
0 MM  dlloys 


Rare-earth  concentration  (wt  %) 

Figure  13.  Beta-grain  size  as  function  of  rare-earth  concentration  in  Ti-6A1-4V-RE  alloys  annealed 
for  1 h at  -t  56°C;  ( □ ) TI-6AI-4V  reference  alloy,  ( o)  Y additive,  ( a)  Er  additive, 
and  ( 0 ) MM  additive. 


3 . -4  Iji  fj  ueru-e  of  Rare-Earth  Additions  on  the  Beta-Transus  Temperature 

The  .--transus  temperature.^  of  Ti-6Al-4V-RE  alloys  determined  at  the 
beuinninv;  of  tliis  investigation  were  discussed  in  Section  2.  Because  the 
microst rui tures  of  some  i>f  the  luit-worked  and  beta-annealed  alloys  indicated 
tti.it  not  all  alloys  were  in  ttie  E field  when  water-quenched  in  accordance 
with  the  Figure  1 sctiedule,  the  question  of  tlie  influence  of  rare-earth 
.idditions  on  the  6-transus  temperature  was  reexamined. 

The  annealing  times  (15  min)  used  e.irlier  for  beta-transus  temperature 
ueterminat ions  were  too  short  for  equilibrium  to  be  obtained.  A second 
series  of  alloy  samples  was  encapsulated  in  quartz  tubes  under  vacuum, 
annealed  ,it  temperatures  of  985,  995,  1010,  and  1020°C  for  24  h,  and  water 
quenc'tied.  The  samples  were  meta  1 1 ograph  ical  I y examined  to  determine  the 
relative  amounts  of  a and  transformed-6  phases.  Selected  alloy  samples  were 
examined  by  t ransm  iss  ion-i- 1 ec t ron  microscopy. 


I'lii'  li  i t I'liiiH' r.i  I u fo  pli.iSL's  ulisiTVi'il  in  spiiinuMis  anin'.i  U'll  at.  dilliri'iit 
I I'nip.'ial  liras  ara  lislial  in  'I'alila  7.  TIk'  I'.-lransus  t I'liipcra  1 n ri-  lor  most  ot 
till'  alloys  is  hi'twi'i'ii  1()1(I°C  anil  l(ld(l°(l.  I'lio  I'-transns  I i-mpora  t u ro  is 
loworoil  bv  Y and  I'.r  ooiu  imi I rat  i ons  pri-ator  Llian  0.1  wtZ.  Misilinu  tal  in 
oonoon  t r.i  I ions  ii|)  to  tl.()8  wt  lioos  not  altor  t lio  h-transns  L onipia'a  t u n- . 
Ki'lativo  to  r,  valiios  listod  in  Tablo  S,  Tablo  7 im|ilii’.s  higlu'r  i-transns 
L ompora  t uros  . Tlu'  d i so  ri'paiu'v  may  hi>  duo  to  t hi'  short  annoalin^  t imos 
usod  lu’l'oro  and  also  to  i no  roasos  of  tho  o.xvgr'n  oontonL  during  mill  annual  ing. 
11k‘  ontiro  <]iK‘stion  of  tho  rolativo  influonoos  of  small  oonoent  rat  ions  of 
dissolvod  raro-oarth  motals,  i n tors t i t ia 1 -oxygen , and  oxygon  soavonging 
bv  tho  raro-oarth  d isporsaiid.s-  noods  to  bo  examined  carofullv  in  specimens 
tor  which  both  tho  raro-oarth  and  oxygen  concentrat  ion.s  are  well  charao- 
torizod.  Inasmuch  as  tho  roforonco  and  RE-containing  alloys  were  subjected 
to  identical  tretitments  in  the  present  study,  conclusions  about  the 
comparative  influences  of  tho  raro-earths  on  T.  are  valid. 


TABLE  7.  HIGH-TEMPERATURE  PHASES  IN  Ti-6AI  4V-RE  ALLOYS 


Alloy 

composition 

Phases  observed  in  water-quenched  alloy 

Annealed  at 
985°C 

Annealed  at 
995°C 

Annealed  at 
1010°C 

Annealed  at 
1020°C 

Ti-6AI-4V 

a + (1 

a + d 

a + ^ 

d 

Ti  6AI  4V  0.020Y 

Q + (3 

a -r  d 

a -r  d 

d 

T|.6AI-4V  0.050Y 

a + (3 

a + d 

a + d 

d 

TI-6AI-4V0  10Y 

a + (3 

a +d 

a + d 

d 

Ti  6AI-4V  0.30Y 

a + d 

a + d 

d 

d 

Ti  6AI.4V-0.010  MM 

a -r  j3 

a + d 

a + d 

d 

Ti  6AI  4V  0.030MM 

a + d 

a + d 

a + d 

d 

Ti  6AI-4V  0 080  MM 

a + d 

a +d 

a + d 

d 

Ti.6Af4V-0.10  Er 

a + d 

a + d 

a + d 

d 

T|.6Af4V  0.30  Er 

a -t  d 

a +d 

d 

d 

Tj-6AI  4V  0.80  Er 

Q + ii 

d 

d 

d 
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Till.’  i n 1 1 ufiu’c  111  iiu  TfasiiiK  Kr-conai'iii  rat  ion  on  ilio  stabilization  of  ,• 
is  shown  in  Kiguros  14a  and  14b,  wliicli  sliow  tiie  ni  i i.- rost  rue  t tiros  of  two 
Kr-oontain  i ng  alloys  annoalod  at  ybb°C  and  water  (luonediod.  I'lio  alloy  with 
U.  1 wt/i,  Kr  oxhiliits  tin  u+3  miorost  riK'turo  (.consisting  of  prlmtiry-tt  and 
t ransI'ormod-3) . A similtir  offoct  is  scon  in  Ti-bAl-4V-fc:r  alloys  (juoncfiod 
1 rom  l()10“C  (Kiguros  1 5;i  and  15b). 


h , ■ 

K ’■ 
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(a)  I 

1 00  /Jm 
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(b)  1 I 

100  fJim 

Figure  14.  Microstructures  of  (a)  Ti  6AI4V-0.10Er  and  (b)  Ti-6AI-4V-0,80Er  annealed  at 
995°C,  showing  influence  of  Er  concentration  on  beta-phase  stabilization. 
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Figure  15.  Microstructures  of  (a)  Ti-6AI-4V-0.10Er  and  (b)  Ti-6AI-4V-0.80Er  annealed  at  1010°C. 


The  influence  of  Y on  beta-pliase  stabilization  at  995°C  is  shown  in 
Figure  lb.  With  an  ’‘ncrease  in  Y content,  the  volume  fraction  of  primary-a 
decreases.  At  1010°C,  tiie  alloy  containing  0.30  wt?'  Y is  completely  6 phase. 

Tile  details  of  typical  transformed-6  structures  observed  in  the  alloys 
are  shown  in  Figure  17.  The  structures  sliown  in  Figure  17  result  from  |3 
annealing  and  water  quenching  followed  by  stabilization  annealing  in  tlie 
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i+,-  tii'ld  and  air  cooling  it)  room  lomporaLure.  TIu-  ma  r t ons  i U-  sLruclur 
I'ormod  upon  ciuencliing  Irom  tlio  (i  field  decomposes  into  fine  acicnlar  i+ 


on  aging  in  the  a-p  field. 


(a) 

100  /im 
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(b)  I 

lOOjUm 


Figure  16.  Microstructures  of  (a)  Ti  6AI4VD.020Y  and  (b)  Ti-6AI-4V-0.30Y  annealed  at 
995°C,  showing  influence  of  Y concentration  on  beta-phase  stabilization. 
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Transmission  electron  micrographs  of  beta-annealed  (a)  TI-6AI-4V  reference  alloy 
and  (b)  Ti-6AI4V-0.050Y. 


In  i-ontrasL  to  tho  buta-stabil  iz  ing  inriuence  of  Y and  Er,  misclimeLal 
is  an  alpha  stabilizor.  This  oflecL  is  illustratod  in  figure  18.  In 
misohmetal-containing  alloys  annealed  at  995°C,  the  volume  fraction  of 
primary-it  is  higlier  in  the  higher  mischmetal  alloy.  Figures  19a  and  19b 
show  a compari.son  of  the  ct+3  structures  observed  in  T1-6A1-4V-0. 050Y  and 
Ti-b.<\i-4V-0. 080MM  alloys  annealed  at  the  same  temperature  (955°C)  in  the 


100 


Figure  18 


GP7T-Q480-67  j j 

100  jlm 

Microstructures  of  (a)  Ti-6AI4V  0.010MM  and  (b)  Ti-6AI4V-0.080MM  annealed  at 
955°C,  showing  influence  of  mischmetal  on  alpha-phase  stabilization. 


i-p  tii'Ul.  Till-  mi  si'liiiU't  ii  1 -i-Diu  .1  in  i nlloy  shows  a higher  volume  fracLion 
ot  (ifimarv  a than  llu‘  Y-eoiUa  i n inj;  alloy. 


i'he  me  La  1 I o^faph  i r sLuil  ies  iiniiiate  that  only  Y and  Kr  in  concent  rat  ions 

'-'.r.Mter  than  0.1  vitZ  lower  the  iS-transus  temperature  of  Ti-hAl-AV;  mischmetal 

up  to  0.08  wt2  doi'S  not  s ign  i f i cant  ly  alter  the  bet.a-t  ransus  temperature. 

I'he  observed  influence  of  Y'  on  8-phase  stabilization  and  ol  MM  on  a-phase 

stabilization  is  in  agreement  with  the  phase  diagrams  of  Ti-Y,  Ti-Ce,  and 

1 i-La  alloys.  The  phase  diagrams  show  a decrease  in  8-transus  temperature 

of  Ti  with  increasing  Y concentration  and  an  increase  in  beta-transus 

4 

temperature  for  Ti-Ce  and  Ti-La  alloys  . 


KOOM-ri-MI’KRvVrUKI';  TKNSILK  I’KOI’ERT  1 K S OF  T i -6A 1 -4V-KK  AU.OYS 


i.l  Tfoiu'.vi'fsi'  Rrj>PF.F_l  L'-j’ 

The  riuMii- 1 1‘mpe  r;i  t- lire  tensile  properties  of  the  T i -6A I -4V-Kli  alloys  in 
tiu'  short-t  ransverse  (ST)  and  1 ong- 1 ransverse  (L'l')  directions  wi-re  measured 
to  di't  ermine  the  influenee  of  rare-earth  additivi*s  on  the  tensile  projiert  ies 
in  the  transverse  directions  of  relatively  thick  sheets.  A 1 OO-mm  long 
sheet  was  cut  from  the  center  of  each  alloy  plate  when  it  had  been  hot-rolled 
to  a JO-mm  thickness  according  to  the  Figure  I schedule,  and  tensile  specimens 
were  prepared  from  these  sheets.  Figure  20  shows  the  orientation  of  tensile 
specimens  relative  to  the  rolling  direction.  The  LT  tensile  specimens  were 
machined  to  the  final  configuration  from  the  alloy  sheets  as  illustrated  in 
Figure  21a.  To  provide  for  gripping  the  ST  tensile  specimens  in  the  test 
instrument,  Ti-hAl-4V  end-tabs  were  electron-beam  welded  to  the  ST  specimens 
(Figure  21b).  The  weld  zone  was  examined  by  optical  microscopy,  which  showi'd 
the  hear-af fected  zone  to  be  confined  to  the  end  tabs.  Figure  21c  shows 
the  microst ructure  of  the  weld  region  of  a ST  specimen;  the  microstructure 
in  the  gauge  section  was  not  affected  by  the  welding. 


Figure  20.  Orientation  of  tensile  specimens  relative  to  rolling  direction  in  20-mm  thick 
Ti-6AI4V  RE  plates. 
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Figure  21.  Photographs  of  tensile  specimens  from  20  mm  thick  Ti-6AI4V-RE  plates; 

(a)  long-transverse  specimen,  (b)  short-transverse  specimen  with  welded  tabs 
and  (c)  microstructure  of  weld  region  of  short-transverse  specimen. 


rill'  li'usili.'  spot- imi’iis  wiTi'  pollslii'd  will)  2A()-prit  p.ipi'f  lu  riniuvi-  surl.irc 
i rr<'p,u  I .ir  i t i c's . Tlii.'  p.iiigt'  SL‘i'tii>ii  ol’  c-ai'ti  Irnsilr  specimens  w,is  M.O  x h.'j  x 
!.l  mm.  riif  .spi'i'inu'iis  wlTu  t os  t oii  in  iiiiiaxi.il  tonsion  at  a strain  rati-  ol 
n.  iKi'i/m  t II  t.11  violcl  and  l).l)2/min  I rom  viold  lo  1 raci  iiro . 

riio  ti-nsilo  propor  t ies  of  the  alloys  in  tlio  I ong- 1 ransvorso  and  sliort- 
l ransvo rso  dirooLions  aro  listed  in  Table  8.  Both  the  yield  stress  and 
ultimate  tensile-stress  are  lower  in  the  short-transverse  direction  than 
in  the  long-transverse  direction  for  all  alloys  including  the  i'i-bAI-4V 
reference.  A slight  decrease  in  strength  with  r;ire-earth  additions  is 
observed  in  the  ST  and  LT  directions,  and  ductility  is  affected  little  by 
small  concentrations  of  Y and  Er.  Alloys  containing  0.02Y,  0.05Y,  and  r).Hr 
exhibit  excellent  ductility  with  little  loss  in  strength.  The  ductility 
of  the  alloys  decreases  significantly  with  mischmetal  additions. 


TABLE  8.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  HOT-ROLLED  (1010°C) 
TI-6AI4V-RE  ALLOYS  IN  THE  SHORT-TRANSVERSE  (ST)  AND  LONG 
TRANSVERSE  (LT)  DIRECTIONS 


Ingot 

number 

Alloy 

composition 

Elastic 
modul  us 
(GPa) 

Yield  stress 
at  0.2% 
offset 
(MPa) 

Ultimate 

tensile 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

ST 

LT 

ST 

LT 

ST  LT 

ST 

LT 

ST 

LT 

14 

T1-6AI-4V 

80 

109 

903  1010 

1057  1117 

4.4 

5.0 

21.3 

20.8 

4 

Ti  6AI-4V  0.020Y 

98 

108 

852 

985 

994  1082 

4 8 

4.7 

23.1 

25  0 

5 

TI-6AI-4V-0  050Y 

88 

111 

850 

961 

1005  1056 

4 6 

5.0 

20  2 

23  8 

15 

Ti  6AI-4V  0 10Y 

99 

886 

1022 

4.3 

11.4 

16 

Ti  6AI  4V  0.30Y 

95 

820 

980 

3.5 

7.6 

8 

Tc6AI-4V  0.010MM 

101 

109 

820 

912 

982  1004 

4 8 

4.3 

16  5 

19  2 

9 

Ti  6AI  4V-0.030MM 

88 

119 

819 

962 

986  1051 

5.0 

4 2 

14  2 

20  1 

10 

T,  6AI  4V  O.OSOMM 

103 

844 

1002 

4.5 

11.5 

11 

Ti  6AI-4V  0.20MM 

86 

852 

1011 

3.4 

115 

12 

Ti  6AI  4V  0 20MM 

99 

870 

1033 

3.1 

6.7 

25 

Ti  6AI  4V  0 lOEr 

104 

111 

906 

982 

1018  1062 

4.3 

4.7 

13  2 

21  6 

26 

Ti-6AI  4V  0.30Er 

103 

108 

824 

985 

978  1060 

4.2 

4.0 

15  7 

20  9 

27 

Ti  6AI  4V  0 80Er 

98 

835 

960 

3.7 

9 8 

29 

Ti  6AI  4V  0 80Er 

99 

821 

952 

4.2 

7.2 
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■I . J 1,1'ii^i  t_u_cl  i n.ij  TiMisilc’  I’n^icrlii's 


A til' l a i I (,‘d  stiulv  ol  till'  mi'ihan  ii'a  1 propt'rt.  ies  of  Ti-6A1-4V-KK  alloys 
as  luiutions  ol  aaiioaliny,  Li'nijn'rat  uri's  and  L i mo  in  I ho  s i ng  I o-pliaso  (•,  fiold 
and  Lho  Iwo-pliaso  u+l-l  fiold  was  madi'.  Tlio  alloys  won'  annoalod  at  T,+'36'’C, 
f ,+JS°C,  T ,-28°C,  and  T^^-56°C;  alloy  slii'ots  hO-mm  long  and  d-mm  tliiok  woro 
lu'at  iro.itod  in  Lho  p fiold  for  5,  15,  JO,  and  60  min  and  in  Lho  U+r  fiold 
tor  15,  JO,  60,  and  240  min  and  woro  waLor  tpionidiod.  The  shoots  wi'ro 
subso(|Liont  1 y annoalod  at  705°C  for  2 h and  air  cooled  to  room  t ompora t uri' . 
Sam[ilos  were  grit  blasted  after  hivit  treatment  and  ac  id-pick  1 ed  0.2  mm  per 
side  to  remove  oxygen-contaminated  metal.  'I'ensile  specimens  50  mm  long 
having  a J x 6 mm  reduced-area  gauge  section,  with  tensile  axes  parallel  to 
the  rolling  direction,  were  machined  from  the  heat-treated  sheets.  Tensile 
tests  were  performed  at  a strain  rate  of  0.01/min. 

The  tensile  properties  of  the  alloys  after  various  annealing  treatments 
are  listed  in  Tables  A1-A28  in  Appendix  A.  Some  of  the  general  trends  are 


summarized  below. 
The  vie  Id  sti 


;,  ultimate  tensile-stress,  and  uniform  elongation  for 


selected  alloys  annealed  at  different  temperatures  are  plotted  in  Figure  22. 
The  .---annealed  alloys  exhibit  higher  yield  stresses  and  ultimate  tensile 
stresses  and  lower  ductility  than  the  a-6  annealed  alloys,  but  a change  in 
the  .--annealing  temperature  does  not  significantly  alter  the  mechanical 
properties.  The  influence  of  annealing  time  on  the  properties  of  g-annealed 
alloys  is  shown  in  Tables  A21-A28  in  Appendix  A.  With  the  exception  of 
alloys  annealed  for  5 min,  which  are  not  representative  of  3-nnnealed  alloys 
because  the  5-min  annealing  time  is  too  short  for  attainment  of  equilibrium, 
the  alloys  do  not  show  any  significant  variation  of  yield  stress  and  ultimate 
tensile  stress  with  time  in  the  ,-  field.  The  yield  stress  of  3-annealed 
alloys  is  nearly  independent  of  prior-S  grain  size,  as  is  shown  in  Figure  23. 
However,  as  seen  from  Figure  J.Z,  ductility  is  inversely  related  to  prior-3 
grain  size. 

In  the  case  of  3-annealed  alloys,  the  starting  microstructure  is 
transformed-.-  consisting  of  plate-like  a+3-  Alloys  quenched  from  the  3 
field  and  subsequently  stabilization  annealed  at  705°C  exhibit  larger 
prior-.'  grain  sizes  for  longer-durat ion  3 anneals  but  have  essentially  no 
difference  in  the  morphology  and  size  of  oi-3  plates.  The  yield  stress 
in  such  alloys  is  probably  governed  by  individual  plate  thickness  rather 
than  the  grain  size  because  the  slip  length  is  limited  by  the  individual 
p 1 ;i  ti'S  . 
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Stress  (MPal 


Elongation  ( 


Beta-grain  size  (n  m) 
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Figure  23.  Dependence  of  yield  stress  on  beta-grain  size  for  ( □ ) Ti-6AI4V  reference  alloy, 
(o)  Ti-6AI4V-0.020Y,  and  (r^)  Ti-6AI4V-0.10Er. 


Whon  the  alloy.s  are  annealed  in  the  field,  the  properties  are 

markedly  altered  by  a change  in  annealing  temperature.  In  general,  a 
hrwer  ■-P  annealing  temperature  results  in  a lower  yield  stress  and  ultimate 
tensile  stress  and  a slightly  higher  ductility  (Figure  22).  No  systematic 
trend  of  ttie  effects  of  annealing  time  on  strength  and  ductility  of  a-6 
annealed  alloys  is  observed.  The  values  reported  in  Tables  A13-t\20  show 
considerable  scatter,  which  can  be  explained  by  random  variations  of  the 
volume-fraction  of  transformed-B.  This  was  confirmed  by  a detailed  micro- 
structural  examination  of  several  a-S  annealed  alloys,  which  showed  that 
the  expected  volume  fraction  of  transformed-3  did  not  vary  systematically 
with  temperature  and  time  of  a-3  annealing.  The  observed  random  variations 
in  the  amounts  of  a and  transformed-6  phases  are  believed  to  be  due  to 
small  differences  in  the  mill  processing  of  the  different  alloys.  i\ 
correlation  between  the  yield  stress  and  volume  fraction  of  transformed-S 
was  observed  for  a-6  annealed  alloys.  Figure  24  shows  the  stress-strain 
curves  of  three  alloys  with  varying  amounts  of  transf ormed-B . Figure  24b 
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I 


shi'ws  t lu-  liiK'.ir  variation  ol  vit'ld  stress  will)  Llie  amount  oi  I ransl  ormed-,' , 
whioli  is  oxpoitL'd  it  a simpti’  ruU'  ot  mixtures  is  invoked  to  explain  Uh‘ 
d^'lormation  hidi.iv  ior  ol  .(-|i  aniu’aled  alloys.  The  ni  i c ros  L rue  t ure  ol  u-p. 
aniiealetl  allovs  eonsists  of  primary  equiaxed-a  grains  and  Widmanstatten 
t r. ins  formed -p . The  vield  stress  of  such  alloys  is  governed  by  some  form  ol 
snperposil  ion  ol  the  flow  stress  ot  equiaxed-U  and  the  compo.site  flow 
stress  of  t ransformed-p . A linear  extrapolation  of  the  jilot  in  Figure  24h 
to  LOO;.,  t ransformed-p  gives  a yield  stress  higher  than  that  observed 
experimentally,  which  implies  that  the  yield  stress  must  depart  from  a 
linear  behavior  for  transformed-6  volumes  > bOZ . The  rule  of  mixtures  is 
a simplified  approximation  to  the  flow  stress  for  the  complex  transformed-p 
structure,  and  a more  rigorous  tre;itment  should  take  into  account  the 
grain  sixes  of  the  a and  transformed-B  and  the  relative  sizes  of  a and  p 
plates  in  t ransformed-p. 


0.2“o  yield  stiess  (MPal 


0.2“o  viel(i  stress  (MPa)  0.2%  yield  stress  (MPa) 


i.  ! Itil  luiMiii'  CM  K,i  f t li  Add  i I i vi.'s  (in_lVnjs  i 1 1‘  I’ roj^_M_r  Lj  i.'S 

I'lu’  in)  liuMicc  ol  r.iri'-i.Mrl  li  .idc.1  i t i vi.'s  on  tlio  iiiccli.-m  i c.i  1 p ropt- r t i os  ol 
, -.nnuM  1 od  alloys  is  shown  in  l■'i^^llt■l■  2'),  in  which  I ho  data  points  aro  t ho 
.ivoraj'.c.'  v'alnos  tdr  all  anno.ilinp,  conditions  listed  in  Tables  A21-A28. 

Aith  i lie- icMS  i n>t  rare-earth  I'oncent  rat  i on  , the  yield  stress  dc.’c  reasc.'s  sliKhtl. 
■ ind  the  diic'tilitv  i nc reasi.'.s . llowc'Ver,  the  dec  rc.'ase  in  yield  stress  is  sma  1 1 
(■  ')  ) ic'f  np  to  0.1  wt  I'.'r  or  V.  Mischmetal,  i-vcai  in  small  concent  rat  i ons , 

redue'es  the,'  yield  str<.-ss  s i p,n  i I i can  t I v . 


(c) 


o Yield  stress 
• Uniform  elongation 
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Figure  25.  Yield-stress  and  uniform  elongation  of  beta-annealed  TI-6AI4V-RE  alloys  as  functions 
of  concentrations  of  (a)  Y,  (b)  Er,  and  (c)  MM. 


The  influence  of  rare-earth  additives  on  the  yield  stress  and  uniform 
elongation  of  Ot-S  annealed  alloys  is  shown  in  Figure  26,  in  which  the  data 
points  are  the  average  values  for  all  annealing  times  listed  in  Tables 
A13-A20.  In  the  u-3  annealed  alloys,  the  rare-earth  influence  is  dependent 


uniform  elongation 


I'll  llu‘  aiuu'alin^  ti'niperaL  uri'S  . Kor  Y-  and  Fa'-nonLa  i n i iik  alloys  anru'alt-d 
at  .1  t omiH' ra  t ui'o  lU'af  1'  , tin,'  yield  stress  dferea-ses  .slittlitly  willi  the 
addition  ot  rare  I'artlis,  similar  to  tin,'  1^-anneal ed  alloys.  However,  lor 
the  allovs  annealed  at  the  lower  a-p  temperature,  the  reduction  ol  yield 
stress  with  the  addition  ot  hr  and  Y is  less.  Mischmetal  s ign i 1 i can t 1 y 
reduces  the  vield  stress  of  n-H  annealed  alloys. 


(b) 


T,i  - 26°C  T,i  - 58°C 


Yield  stress 
Uniform  elongation 


(cl 

Figure  26.  Yield  stress  and  uniform  elongation  of  alpha-beta  annealed  Ti-6AI-4V-RE  alloys  as 
functions  of  concentrations  of  (a)  Y,  (b)  Er,  and  (c)  MM. 
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The  results  presented  in  Figures  25  and  26  show  that  when  the  micro- 
structure is  predominantly  transformed-B,  the  yield  stress  is  controlled  by 
the  Widmanstatten  -i+B  structure.  The  rare-earth  additives  do  not  contribute 
any  strengthening  because  of  the  overriding  influence  of  the  transf ormed-c 
structure.  The  slight  reduction  in  strength  observed  in  rare-earth-containing 
alloys  is  likely  due  to  a lower  interstitial  oxygen  content  of  the  Ti-6A1-4V-RE 
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uniform  elongation 


r 

i 

I 

• illovs;  t lu-  iMi'i'  o.ii'lhs  Ik'c.uisi'  ol  t 1k’ i r ^;rt.'.UiT  .iltinilv  tor  oxy>.',(,’n  r.in 
si-avi'iiv'.o  p.ii't  ot  i lie  1.1  i sso  1 vi'd  oxvgon  from  llio  a 1 1 ov  matrix.  As  the  volume 
t'‘,ie(  ien  e!  primarv-i  is  ineia'astul  by  anin'aliiiK  at  lower  temperatures, 

a St  renjU  ben  iiip  inlluenee  ol  tlie  Y and  Kr  addilive.s  is  evidtuit  Lb.al  largely 
eompiuisales  t iu‘  oxygen-seaveng i ng  effect.  Tbe  Ti-bAl-4V-MM  a 1 Joys  under 
all  .mne.iling  conditions,  lioweviu-,  exhibit  a s ign  i 1 i cant  1 y lower  stnuigtli 
Llum  tin.'  reloreiu’e  al  U'V. 

S.4  Inl  1 nonce  of  Annealing  Temperature  and  Cooling  Rate  on  Ten.sile  Properties 
becatisi'  met  a 1 1 ogr.'iph  Lc  examinations  of  the  m i 1 J -annea  1 ed  alloys  revealed 
tli.it  not  all  specimens  liad  been  annealed  in  tbe  S field  as  specified, 
selected  ,illoy  compositions  were  re-annealed  in  accordance  with  the  schedule 
shown  in  Figure  17.  The  compositions  of  the  alloys,  annealing  temperatures, 
,ind  cooling  rates  were  selected  to  study  the  combined  influences  of  rare-earth 
additives  and  various  modifications  of  transformed-3  and  u+3  microstructures 
on  the  mechanical  imiperties.  The  heat  treatments  shown  in  Figure  27  produ  e 
il)  different  types  of  t rans f ormed-0 , (2)  morphologi ca 1 diff  ces"in  u and 
.' , and  (J)  differences  in  the  relative,  volume-f ract 'ons  of  a ,,..a  g.  In 
.tdditicni,  the  low-temperature  aging  treatment  can  possibly  produce  either 

siiorl-range-ordered  regions  of  T1  and  Al  atoms  or  Ti  Al  (a,^)  precipitates 

8 J *- 

in  the  alloy  matrix  . 

The  room-temperature  tensile  properties  of  the  alloys  subjected  to 
the  Figure  27  heat  treatments  are  listed  in  Table  9.  Because  the  properties 
result  from  combined  effects  of  complex  T1-6A1-AV  microstructures  and  the 
rare-eai th  dispersoids,  the  tensile-property  changes  cannot  in  most  cases 
be  attributed  to  specific  variables.  The  microstructures  prior  to  the  heat 
treatments  siiown  in  Figure  27  were  not  the  same  for  all  the  alloys;  con- 
sequently, the  tensile  property  changes  to  be  discussed  in  this  section  also 
reflect  to  a certain  extent  the  pi ior  history  of  the  alloys. 
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Ti  6AI  4V 
Ti  6AI  4V  0.05Y 
Ti  6AI  4V  0.30Y 
Ti  6AI  4V  O.IOEr 
Ti  6AI  4V  0.03MM 


FC  = furnace  cool 
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Figure  27.  Heat  treatments  to  vary  relative  fractions  of  alpha  and  beta  phases  and  transformed-beta 
structure  in  Ti-6AI-4V  RE  alloys. 
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Alloys  ((iioiulu'cl  from  the  B fiolcl  oxhibit.  IiIkIi  si  riiigtli  and  low  ducLilily. 
riio  hinli  stroiHitli  rosults  from  Lho  ai-ioular  marlonsiLic  st  riuLuro , whiHi 
oontains  a donsily  ol  i n Lor  na  1-d  i s 1 ooa  t i on  siibsl  ruo  L iiros  , .and  t hi- 

priiir-b  Krain  slzo  has  no  si>;nifioanL  offoot.  For  (.•x.inip  1 o , Lho  f 1 -6A 1 - 4V-0 . 1 Of.r 
.illov,  altluni>;li  IL  lias  a finor  prior-B  grain  size  Lhan  Lho  roforonco  alloy 
(Kiguro  28),  doos  not  oxliihit  lho  inoroasod  yiold  stross  o^xpoiLod  from  Lho 
llall-FoLoh  rolationship  hoLwoon  yiold  stross  and  grain  sizo.  llowovor,  a 
finor  grain  sizo  imparls  a highor  duoLllity.  Of  Lho  throe  rare— earth 
additivos,  misohniotal  considerably  reduces  Lho  yield  stress  .and  ultimate 
tensile-stress;  Y improves  the  ductility  but  decreases  the  strength  slightly; 
and  Fr  improves  the  ultimate  tensile-stress  and  ductility. 

Alloys  quenched  from  the  3 field  and  aged  at  570°C  have  higher  strengths 
than  quenched  3-annealed  alloys  with  the  exception  of  Ti -6A1-4V-0 . 30Y . The 
in. 'reused  strength  results  from  the  decomposition  of  martensite  into  a+B. 

The  (j-phase  nucleates  as  small  precipitates  (Figure  29)  and  acts  as  a 
precipitation-strengthening  phase;  i:onsequent ly , the  yield  stress  is  increased. 
The  ultimate  tensile  stress,  however,  is  not  increased. 

Air  cooling  and  furnace  cooling  of  the  alloys  from  the  8 field  result 
in  slightly  lower  strength  and  higher  ductility,  characteristic  of  the 
Widmanstatten  a+B  structure  of  the  alloys.  The  B-annealed  rare-earth- 
containing  alloys  exhibit  a significantly  higher  ductility  than  the  reference 
alloys  in  the  air-cooled  and  furnace-cooled  conditions.  The  improved 
ductility  is  attributed  to  the  finer  colony  size  in  Ti-bAl-4V-RK  allovs 
than  in  the  reference  alloy  (compare  Figures  30a  and  30b).  Thus,  in  the 
c-annealed  alloys,  the  yield  stress  and  ultimate  tensile  stress  ari'  related 
to  the  individual  plate  sizes,  whereas  ductility  is  related  to  colony  size. 
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(a) 


200  pm 


>;• 
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(b) 


200  fjm 


Figure  28.  Microstructures  of  beta-annealed  and  water-quenched  (a)  Ti-6AI4V  reference  allov  and 
(b)  Ti-6AI-4V-0.10Er  (heat  treatment  A,  Figure  14). 
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Dupli'X  .iiiiu'a  I iii^;  at  two  0!-lS  t fm|)t'ra  t u ro.s , H70°C  and  770°C,  was  po  r fo  rmod 
to  produro  d i 1 t ori'iu  vo  1 unu'  I raotioiis  ol  a plitiso.  Hot ;i-aniu-a  1 i d alJoys, 
tuniaoi'  i-oolod  and  subsuipR’nL  1 y aniioaloii  in  tlio  iiold,  exliibit  t lu- 

plati— liko  ii+b  morphology  as  sliown  in  Figure  31.  'I'lie  relative  sizes  and 
amonius  of  a and  b deiiend  on  the  U~3  annealing  temperature.  Depending  on 
the  cooling  rate  from  the  u-3  annealing  temperature,  the  high-temperature 
.'-ph.ase  transforms  to  eitlier  met.istahle  ri'tained-fS  (in  the  ease  of  w.ili-r 
quench  ing)  or  t ransformed-3  (in  the  case  of  air  cooling).  The  tx-fi  annealed 
allovs  have  lower  yield  stresses,  lower  ultimate  tensile  stresses,  and 
higher  ductility  (T.ible  9)  than  3-;innealed  alloys.  Alloys  water-quenched 
from  the  0i-3  field  exhibit  higher  ductility  than  the  air-cooled  and  furnace- 
cooled  alloys,  whereas  the  yield  stress  and  ultimate  tensile  stress  are  not 
significantly  altered  by  varying  the  cooling  rates.  The  highest  ductility 
values  are  obtained  for  the  alloys  quenched  from  the  lower  temperat'jre  in 
the  a-3  field.  Thus,  tlie  microstructure  conducive  to  liigh  ductility  is 
that  containing  a high  volume-fraction  of  a and  retained  3-  Possible  reasons 
for  the  decreiise  of  ductility  with  slower  cooling-rate  are  (1)  a coarser 
'-■>-3  microstructure  and  (2)  possible  precipitation  of  during  cooling. 

The  effect  of  rare-earth  additives  on  the  ductility  is  prominent  in 
the  a-3  annealed  alloys.  The  ductility  is  increased  considerably  witli  the 
addition  of  Y and  Er.  The  influence  of  annealing  temperature  and  cooling 
rate  on  the  ductility  of  the  alloys  is  shown  in  Figure  32.  Water-quenched 
alloys  show  a strong  dependence  of  ductility  on  annealing  temperature,  but 
the  ductility  of  air-cooled  alloys  does  not  vary  significantly  with  changes 
in  annealing  temperatures.  In  tlie  furnace-cooled  alloys,  only  the 
Y-containing  alloys  show  a dependence  of  ductility  on  annealing  temperature. 
The  increased  ductility  of  Ti-6Al-4V-0. 050Y  and  Ti-6Al-4V-0. 30Y  furnace- 
cooled  from  1020°C  results  from  the  finer  colony  size  in  these  alloys 
(Figure  33).  Under  all  conditions  of  annealing  temperature  and  cooling 
rate,  the  rare-earth-bearing  alloys  exhibit  higher  ductility  than  the 
reference  alloy. 

The  variation  of  ultimate  tensile  stress  with  annealing  temperature 
and  cooling  rate  is  shown  in  Figure  34.  Only  the  water-quenched  alloys 
show  a strong  dependence  of  ultimate  tensile  stress  on  annealing  temperature. 
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Annealing  temperature  (°C) 


(b) 
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Figure  32.  Total  elongation  of  Ti-6AI4V-RE  alloys  annealed  at  770,  870,  and  1020°C;  ( □ I 
Ti-6AI4V  reference  alloy,  (o)  Ti-6AI4V  0.050Y,  (•)  Ti-6AI4V-0.30Y,  ( <» ) 
Ti-6AI4V-0.10Er,  and  ( rs ) Ti-6AI4V-0.030MM;  (a)  water  quenched,  (b)  air  cooled, 
and  (c)  furnace  cooled. 


Ultimate  tensile  stress  (MPa) 
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Figure  34.  Ultimate  tensile  strength  of  Ti.6AI4V-RE  alloys  annealed  at  770,  870,  and  1020°C, 

(□)  TI6AI4V  reference  alloy,  (o)  Ti-6AI4V0.050Y,  (•)  T|.6AI4  VO.30Y,  (a) 

Ti.6AI4V  0.10Er,  and  ( o ) Ti-6AI4\/.0.030MM:  (a)  water  quenched,  (b)  air  cooled, 
and  (c)  furnace  cooled. 


FKAHTOCKAIMIV  AND  DKKOKMAT  1 ON  SUliSTKl'CTURKS 


Till'  ^iift.ii'i's  of  spi'i  inicns  Ir.u'lurod  in  uniiixi.il  lunsiun  witu  cx.imitu-d 
hv  Huannin;;  fli'ulron  mirrosi'opy  to  dotormino  Llio  lr;u.Ttin.'  modus  ;ind  distri- 
but  ii.'n  ol  ra fo-oii r I h d i s po rso  iil s . Tliu  d i s local t i on  sub.sl.  rue L uro  in  dcfornicd 
spec' imoiiH  w.is  .sLudic'd  tiv  transmission  oloolron  microscopy  ot  Liiin  loils 
prcpari'd  t roiii  gauge  sections  ol'  tensile  specimens. 

i'igures  ibii  .ind  iSli  .ire  seiinning  electron  m i c rog riiplis  of  friicture 
surfaces  of  reference  alloy  and  T i-bAl --IV-0 . 1 OF.r , respectively,  wliicli  were 
p-annealed,  wat  er-ciuenciied , annealed  at  705°C  for  2 h,  and  air  cooled 

to  room  temperature.  The  microstructure  resulting  from  this  tre.itment 
consists  of  the  fine-scale  a+3  structure  similar  to  tliat  shown  in  Figure  18. 

The  dimple  fracture  observed  in  the  alloys  shows  that  the  fracture  occurred 
by  classical  void  nucleation,  growth,  and  coalescence  processi . . Tlie 

dimple  sizes  in  the  3-annealed  reference  alloy  range  from  0.1  dm  to  0.5  ^m,  ■ 

and  the  plate  width  in  tlie  microstructure  (Figure  18)  varies  from  0.2  „m 

to  2 ;.m.  A large  number  of  dimples  smaller  in  size  than  the  u-p  plate  width  j 

were  observed.  The  dimple  size  in  the  Ti-6Al-4V-0.  lO.Fr  alloy  (Figure  35b) 
is  smaller  than  in  the  reference  alloy.  The  dispersoids  are  distributed 
liomogeneously , as  the  right-hand  photomicrograph  in  Figure  35b  sliows. 

A comparison  of  the  fracture  appearances  of  3-annealed  ;ind  a-p  annealed 
alloys  is  given  in  Figures  36a  and  36b,  which  are  fractographs  of 
Ti-6Al-4V-0.  lOEr . Tlie  gener.il  f ractographic  features  are  similar  in  all 
alloys  that  had  corresponding  heat  treatments.  In  the  3-annealed  condition, 
the  alloys  siiow  uniform  dimples  throughout  tiie  fracture  surface,  but  the 
f ractograpiiic  features  in  a-3  annealed  alloys  consist  of  a mixture  of  dimples, 
whicli  result  from  t rans  formed-B . and  facets,  whicli  arc  produced  by  x-pliase. 

Tlie  dislocation  substructures  in  deformed  specimens  with  different 
types  of  microstructures  were  examined  to  correlate  microstructure  and 
substructure  with  strength  and  ductility.  Figures  37a  and  37b  show  the 
dislocation  substrui'tures  in  two  alloys  having  martensitic  microstructures, 
which  were  produced  by  B-annealing  and  water-quenching.  This  heat  treatment 
produces  a fine  a'  martensite  with  extensive  internal  substructure.  Because 
the  initial  dislocation  density  is  large  in  these  specimens  and  the  mean 
slip-length  is  small,  the  alloys  work-harden  rapidly;  stress  concentrations 
build  up  early  in  the  deformation  process,  and  such  alloys  therefore  fracture 
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atli-r  small  amouiils  ol  plasLir  sLrain.  Thus,  all  Lhu  alloys  j^ivon  a 
ami  wat  .■r-(jui-iuh  troatnioiu  (la-al  t roaLnioiit  A in  Figurt.-  21)  exhibit  iiigh 
uliimaii-  ti-iisili’  sit'ciiglh  and  low  duotility  (Table  9). 


(a) 


1 jC/m 


0 1 /ifn 


1 {i(T\ 


(b) 


QP*?  04M  »» 


Figure  35.  Fractographs  of  beta-annealed  alloys  tested  in  tension  at  room  temperature, 
(a)  Ti-6AI  4V  reference  alloy  and  (b)  Ti-6AI  4V-0.10  Er. 
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Figure  36.  Fractographs  of  Ti-6AI4V-0.10Er  specimens  tested  in  tension  at  room  temperature; 
(a)  beta  annealed  and  (b)  alpha-beta  annealed. 
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l'|ion  being  aged  at  a-LS  I eiiipera  t ures  , tlie  ma  rt  ens  i t i e deenniposes  tiy 
the  mieli'at  ion  and  gp'owlh  t)l  b in  t’  . S i imi  I t aneous  1 y , ft'  approaidies  t lie 
i.'(pi  i 1 i b r i nm  eoiii|ios  i i ion  ol'  o.  Tbi'  disliu'ation  arrangement  in  a delornu’d 
alloy  liaving  the  tempered  martensitie  strueture  is  shown  in  Figure  i8;  beta 
liree  i p i t a t es  exhibiting  fringe  eontr;ist  e;in  be  seen  at  si’vertt  1 places.  Tin- 
slip  U'ngtb  si-ems  to  be  limited  to  the  individual  U plates  as  seen  from 
bowed  dislocation  segments  within  the  plates  and  lack  of  slip  continuity 
ac-ross  the  boundaries.  Tbe  alloys  possessing  the  tempered  mttrtensite 
structufi'  exhibit  a high  strength  because  of  the  B precipitation  strengthening 
effect  and  tlie  small  slip  length  governed  by  the  fine  scale  u-pliiLos;  the 
ductilitv,  however,  is  low. 

Figure  39  shows  dislocation  substructure  in  an  u-3  annealed  alloy. 
Extensive  slip  activity  in  a grains  results  in  a tangled  dislocation 
structure  in  the  a phase.  The  t ransformed-6  grains  exhibit  extensive 
twinning.  Figures  40a  and  40b  show  details  of  dislocation  activity  in  a 
phase,  and  Figures  40c  and  4()d  are  dark-field  micrographs  showing  dislocation 
activity  in  the  3 phase.  The  higlier  ductility  observed  in  the  x-6  annealed 
aiiovs  is  consistent  with  tlie  extensive  slip  activity  in  the  a alloys  seen 
in  Figures  39  and  40. 

The  influence  of  dispersoids  on  dislocation  movement  during  the  initial 

stages  of  deformation  is  shown  in  Figure  41.  Dislocations  overcome  the 

9 10 

dispersed-piiase  particles  by  the  Orowan  bypass  and  Hirsch  cross-slip 
meclianisms.  Figure  41  shows  the  formation  of  Orowan  loops  and  prismatic 
loops  around  the  dispersoids  in  the  initial  stages  of  deformation.  The 
formation  of  these  loops  is  governed  by  the  size  and  spacing  of  the 
dispersoids.  The  dislocation  arrangement  in  a heavily  deformed  Ci-g  annealed 
Ti-6Al-4V-0. 050Y  alloy  is  shown  in  Figure  42.  The  dislocation  structure 
consists  of  tangled  dislocations  in  the  a phase.  The  dominant  effect  of 
the  dispersoids  is  to  homogenize  the  slip  and  refine  the  substructure 
formed  during  deformation.  Consequently  the  presence  of  dispersoids  results 
in  an  increased  ductility  in  all  a-6  annealed  alloys  (Table  9). 
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GP77-04B0-85  

' 250  nm 

Figure  41.  Formation  of  Orowan  and  prismatic  loops  at  dispersoids  during  the  initial  deformation 
of  Ti-6AI4V. 


Figure  42.  Dislocation  substructure  in  alpha-beta  annealed  (heat  treatment  E,  Figure  141 
Ti  6AI4Vfl.050Y  deformed  in  tension  at  room  temperature. 


h.  CONCLUSIONS 


riif  .idditiiMi  of  small  concont  rat  ions  (■  ! wiZ)  of  nu’tallii'  Y or  Kr  to 
fi-hAI-4V  rosults  in  a unilorm  disporsion  of  small  (<  70  nm  diam)  socond-phaso 
liroo  1 p i t at  os  in  tlio  alloy  matrix.  Both  Lr  and  Y offoot  j^ra  1 n-ref  1 nomont  and 
m i orost  nil- 1 ura  1 homogonoity  in  as-cast  Ti-6AI-4V  and  retard  grain  grc.wtii 
during  annealing  at  tem|)era tures  above  the  (i-transus  temperature. 

The  additiim  of  small  concentrations  of  mischmetal  to  Ti-hAl-4V  results 
in  a dispi’rsion  of  particles  that  probably  are  oxides  and  aluminides.  Although 
mischmetal  produces  grain-refinement,  it  is  less  than  that  effected  by  Kr  or  Y. 

Yttrium  and  erbium,  in  concentrations  > 0.1  wt%,  slightly  lower 
the  fl-transus  temperature  of  Ti-bAl-4V,  but  mischmetal  in  concentrations 
5 0.08  wt%  does  not  significantly  alter  the  6-transus  temperature.  "iT  t r i urn 
and  erbium  ai-t  as  B-phase  stabilizers,  and  mischmetal  is  an  cx-phase  stabilizer 
in  Ti-bAl-4V. 

The  rolling  pressures  required  for  hot-rolling  T1-6AI-4V-Y  and  T1-6A1-4V- 
MM  alloys  are  less  than  those  required  for  standard  T1-6A1-4V.  (Rolling 
pressures  were  not  measured  for  Ti-bAl-4V-Er  alloys.)  Edge-cracking  during 
rolling  for  Y concentrations  = 0.05  wt%  and  Er  concentrations  ^ 0.1  wt%  is 
less  than  for  standard  Ti-6A1-4V. 

The  transverse  tensile  properties  of  T1-6A1-4V  are  not  adversely 
affected  by  Y and  Er  concentrations  $0.1  wt%.  Alloys  containing  0.02-0.05 
wt%  Y or  0.1  wt%  Er  exhibit  excellent  transverse  ductility  and  no  appreciable 
loss  in  strength, 

Yttrium  and  erbium,  by  their  refinement  of  6-grains  and  retardation  of 
6-grain  growtii,  improve  the  ductility  of  6-annealed  Ti-bAl-4V.  A good 
combination  of  high  strength  and  ductility  of  B-annealed  alloys  is  obtained 
for  Y and  Er  concentrations  $ 0.1  wt%.  Mischmetal  significantly  reduces 
the  yield  stress  of  Ti-bAl-4V . 

For  't-B  annealed  alloys,  the  yield  stress  increases  linearly  with 
volume  fraction  t)f  t ransf ormed-3.  Er  and  Y increase  the  ductility  but 
slightly  lower  the  yield  stress  of  a-6  annealed  Ti-6A1-4V.  The  yield  stress 
of  Tl-bAl-4V-Y  and  Ti-6A1-4V-Er  alloys  is  more  nearly  equal  to  tliat  of 
standard  Ti-6A1-4V  for  larger  volume-fractions  of  equiaxed-A,  for  wliich 
second-phase  dispersion  strengthening  is  a significant  factor. 
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For  all  amioallng  ooiul  i I i<n)s  and  cooling  raLes,  Ti-6A1-4V-Y  and 


i' i-tiA  1 -4V-F.r  alloys  in  ooniparison  with  standard  Ti-6A1-4V  exhibit  a ductility 
onhanccnuait  I'osulting  from  s I i [i  homogen  i zat  i (jh  by  the  rare-earth  d i spersoids  . 

i'lu'  slight  redui'tion  of  yield  stress  in  Ti-bAl-4V-Y  and  Ti-6A1-4V 
alloys  is  likely  i-aused  by  lower  i liters  t i t i.-i  1-oxygen  concentrations  In  these 
alloys  because  of  oxygen-scavenging  by  the  rare-earth  dispersoids.  This 
efft-ct  can  be  neutralized  by  adjusting  the  oxygen  content  of  the  starting 
ma  t e r i a 1 

Desired  combinations  of  microstructural  refinement,  high  room-temperature 
strength,  and  high  ductility  can  be  achieved  by  appropriate  heat-treatment 
of  T i-bA 1 -4V-0. 02Y , T i-bAl-4V-0. 05Y , and  Ti-6Al-4V-0. lEr . The  grain-refine- 
ment and  grain-growth  suppression  by  small  concentrations  of  Y and  Er  are 
expected  to  significantly  improve  the  high-temperature  formability  and  creep 
behavior  of  Ti-6A1-4V.  The  fracture  toughness  and  h igh-temperature  properties 
of  ra re-ear t h-mod i f ied  Ti-6A1-4V  will  be  investigated  as  the  next  phase  of 
this  program. 
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Al’l’KNDlX  A. 


KOOM-TKMI'ERATURl'  TENSILK  EROEERTIES  OE  Ti-6A1-4V-RE  ALLOYS 


T;ililos  AI-A28  list  thf  room- temperatiirf  Loiisile  properties  for  tiie 
'ri-()Al-4V  retereiu'e,  T i-fiAl -4V-Y  , T i-6A  1 -4V-Er  , and  Ti-6A1-4V-MM  alloys  that 
were  east,  forjted,  rolled,  and  annealed  in  accordance  with  the  sciiedule 
shown  in  Figure  1.  Each  of  Tal)les  A1-A12  lists  the  properties  of  a single 
alloy  composition  subjected  to  four  different  heat  treatments.  Tables 
A13-A2S  list  the  same  data  as  I'ables  A1-A12,  but  each  of  Tables  Al'5-A28 
lists  the  properties  for  a given  heat  treatment  of  all  the  alloy  compositions. 
■As  indicated  in  Figure  1,  each  E-anneal  and  a-6  anneal  was  followed  by 
a 2-h  anneal  at  705°C. 
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TABLE  A1  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  REFERENCE  ALLOY 


Annealing 

temperature 

Annealing 

time  I 

(min) 

Elastic 

modulus 

(GPa) 

1 Yield  stress  I 

1 at  0.2%  offset  ' 

(MPa)  i 

Ultimate 
tensile  stress 
(MPa)  ! 

j Fracture 
' stress 
i (MPa) 

! 

Uniform 

elongation 

(%) 

Total  ^ 

elongation 
(%) 

15 

136 

965 

1005 

860 

5.5 

14  4 

30 

142 

1010 

1050 

870 

4.9 

14  2 

Tj  56‘^’C  954*^0 

60 

118 

950 

1030 

885 

4.7 

12.0 

180 

138 

970 

1055 

930 

4 6 

10.2 

15 

129 

970 

1050 

915 

3.7 

10.0 

30 

126 

1020 

1085 

930 

5,1 

14  9 

Tj  - 28°C  = 982°C 

60 

131 

950 

1025 

910 

4.8 

12.3 

180 

120 

985 

1060 

970 

3.8 

9,2 

5 

138 

1045 

1125 

990 

2 5 

12.0 

15 

150 

1085 

1 165 

1105 

2.4 

9 2 

T;  + 28°C  = 1038“C 

30 

147 

1085 

1040 

1110 

2.2 

7.2 

60 

138 

1070 

1155 

1140 

1.9 

3.2 

5 

130 

1020 

1105 

990 

3.8 

12.1 

15 

141 

1090 

1170 

1155 

2.6 

5.8 

T j -r  56°C  1 066°C 

30 

170 

1090 

1 145 

1120 

3 2 

7,8 

60 

128 

1105 

1165 

1160 

24 

4.8 

f ^ 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offsi 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

137 

945 

985 

840 

5 0 

13  0 

30 

134 

950 

990 

835 

5.0 

12.5 

T ) 56°C  954°C 

60 

158 

885 

975 

950 

5.9 

13.8 

180 

125 

920 

995 

855 

3.9 

10  4 

15 

140 

965 

1010 

835 

4.3 

12.1 

30 

128 

970 

1040 

925 

3.7 

8.3 

T . 28“C  = 982°C 

60 

142 

970 

1040 

930 

3.8 

8.3 

180 

121 

1005 

1075 

915 

3.3 

10.8 

5 

148 

990 

1060 

940 

3.6 

10.9 

15 

154 

1040 

1110 

1000 

3.4 

9.9 

T)  + 28°C  = 1038°C 

30 

129 

1000 

1055 

945 

4.5 

11.1 

60 

150 

1030 

1090 

1000 

3.0 

9.2 

5 

144 

1035 

1090 

980 

4.0 

10.3 

15 

158 

1015 

1095 

1040 

3.8 

9.9 

Tj  + 56°C  = 1 066°C 

30 

170 

1035 

1 105 

1065 

3.8 

9.4 

60 

150 

1070 

1130 

1015 

3.6 

8.4 

1 

L 
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TABLE  A3.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  0.050Y 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform  i 

elongation  ! 

(%) 

Total  i 

elongation  | 

(%l 

15 

124 

825 

905 

780 

4.4 

9 3 

30 

128 

860 

945 

780 

5.8 

14.6 

T^.  56"C 

932‘’C 

60 

150 

885 

935 

845 

6 1 

15,2 

180 

126 

T60 

950 

825 

3.7 

8.5 

15 

127 

855 

960 

805 

5.1 

11.2 

30 

134 

905 

980 

815 

5.1 

12.2 

Tp  28"C 

960‘’C 

60 

138 

905 

995 

865 

5.0 

1 1.5 

180 

136 

930 

1005 

870 

4.4 

10.4 

5 

3 8 

10.5 

15 

152 

1025 

1085 

950 

3.0 

9.0 

T ; t 28''C 
P 

1016°C 

30 

165 

980 

1095 

975 

4.1 

11.1 

60 

165 

990 

1090 

975 

4.4 

1 1.4 

5 

154 

1000 

1070 

930 

4.5 

12.3 

15 

138 

1005 

1070 

940 

4.1 

12.1 

T^  ' 56“C 

1044  'C 

30 

150 

1045 

1100 

970 

4.0 

11.7 

60 

128 

975 

1050 

895 

3.4 

12.2 

GPT7  04SO-12 


72 


TABLE  A4.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  O.lOY 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus  ' 

(GPa) 

Yield  stress 
at  0^  offset 
(MPa) 

Ultimate 
tensile  stress  ! 

(MPa) 

Frarrture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

129 

870 

940 

760 

6.0 

13.5 

56°C  932°C 

30 

135 

920 

980 

815 

5.7 

12.7 

60  ' 

135 

910 

1000 

840 

5.3 

13.7 

180 

125 

900 

975 

810 

4.8 

13.3 

15 

126 

880 

965 

820 

5.2 

12.3 

30 

147 

990 

1030 

865 

5.1 

12.4 

- 28°C  = 960“C 

60 

142 

930 

1015 

890 

5.1 

13.8 

180 

130 

920 

1010 

880 

3.9 

10.9 

5 

148 

960 

1060 

940 

3.3 

10.0 

15 

124 

1030 

1090 

980 

3.9 

10.4 

^ 28°C  ' 1016°C 

30 

135 

1030 

1115 

1005 

4.3 

11.3 

60 

158 

1025 

1110 

1010 

3.3 

9.2 

5 

148 

1020 

1090 

955 

3.9 

12.0 

T^  + 56°C  1044°C 

15 

136 

1005 

1070 

925 

3.8 

13.0 

30 

151 

1015 

1075 

955 

3.7 

10.6 

60 

142 

1030 

1100 

975 

4.0 

11.5 

GPT7-O4i0-13 
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TABLE  A5.  ROOM  TEMPERATURE  TENSILE  t>PO»ERTIES  OF  Ti  6AI  4V  0.30Y 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

1 

Fracture 

stress 

(MPa)  i 

i 

Uniform 

elongation 

(%) 

Total 

elongation  • 

(%) 

15 

140 

900 

940 

790 

5.7 

13.2 

30 

139 

885 

950 

810 

6.0 

13.0 

T^  - 932“c 

60 

124 

935 

965 

830 

6.0 

13.4 

180 

136 

905 

970 

835 

4.8 

10.0 

15 

128 

930 

965 

825 

3.5 

10.5 

Tp’  - 28“C  960°C 

30 

142 

1000 

1040 

900 

4.9 

12.3 

60 

135 

960 

1045 

900 

4.9 

12.5 

180 

142 

1000 

1060 

945 

4.7 

11.3 

5 

143 

1010 

1080 

950 

3.8 

1 1.5 

T^  + 28°C  1016°C 

15 

156 

1045 

1 105 

960 

3.4 

9.8 

30 

168 

1045 

1120 

960 

3.9 

11.1 

60 

142 

1090 

1145 

1020 

3.6 

10.6 

5 

148 

1030 

1105 

965 

3.4 

10.2 

T^  * 56°C  1044°C 

15 

150 

1020 

1115 

970 

4.3 

12.5 

30 

162 

1050 

1120 

960 

4.2 

14.2 

60 

140 

1035 

1100 

970 

2.8 

8.5 

TABLE  A6.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI-4V  0.010MM 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offse 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

123 

845 

920 

795 

6.1 

12  9 

Tp.  56“C  932“C 

30 

126 

905 

945 

800 

6.8 

14.4 

60 

128 

855 

940 

810 

5.8 

12.0 

180 

145 

875 

950 

825 

5.4 

110 

15 

133 

870 

935 

815 

5.7 

117 

T^  - 28“C  960"C 

30 

128 

905 

970 

830 

6.1 

12.5 

60 

150 

900 

995 

875 

4.7 

9 8 

180 

126 

955 

1020 

895 

4.7 

10.8 

5 

150 

945 

1030 

945 

3.9 

9.1 

15 

144 

1030 

1095 

1040 

3.3 

8.2 

T^+28"C  1016°C 

30 

134 

1030 

1090 

990 

3.2 

8.3 

60 

144 

1020 

1080 

1005 

2.9 

7.3 

5 

159 

970 

1065 

965 

4.0 

10.7 

15 

158 

1005 

1075 

1035 

3.8 

8.3 

T^  - 56°C  1044°C 

30 

156 

1010 

1060 

1020 

3.3 

8.0 

60 

147 

995 

1075 

1020 

3.0 

8.8 

Total 

elongation 


TABLE  A7.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  0.030MM 


Annealing 

temperature 

Annealing  | 

time  1 

(min)  1 

i 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa)  1 

Ultimate 
tensile  stress  ! 

(MPa)  ] 

' 

Fracture 

stress 

(MPa) 

1 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

128 

840 

900 

770 

4.8 

12.9 

30 

134 

915 

950 

815 

5.9 

12  9 

T^j  56"C  932“C 

60 

142 

890 

930 

780 

6.2 

14.1 

180 

127 

815 

925 

815 

6.1 

12  8 

15 

127 

855 

940 

820 

5 1 

10.8 

30 

140 

845 

950 

840 

6.3 

12.3 

T ^ 28^C  960°C 

60 

137 

920 

980 

830 

5 8 

13.3 

180 

123 

900 

960 

865 

5.7 

12.2 

5 

141 

985 

1055 

1000 

5.0 

9.5 

15 

150 

1015 

1055 

990 

3.8 

9.1 

T^*28°C  1016°C 

30 

146 

1040 

1090 

1030 

4.1 

9.1 

60 

136 

985 

1050 

995 

2.1 

5.3 

5 

134 

1015 

1085 

980 

3.0 

8.8 

15 

150 

1025 

1080 

1040 

4.3 

9.5 

T^  + 56°C  1044°C 

30 

129 

1005 

1070 

1030 

3.3 

8.0 

60 

141 

1025 

1070 

1045 

3.3 

6.3 

GP77-O4S0-'6 


7b 


TABLE  A8.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V0.080MM 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

137 

890 

930 

825 

6.4 

13.3 

T^  56°C  932"C 

30 

147 

925 

970 

935 

6.8 

14.2 

60 

132 

925 

970 

870 

6.1 

12  8 

180 

133 

870 

955 

855 

6.3 

13.8 

15 

133 

920 

970 

845 

5.6 

13.5 

T^  - 28‘’C  960°C 

30 

124 

950 

1000 

885 

5.1 

1 1.6 

60 

119 

890 

985 

910 

6.0 

13  1 

180 

143 

915 

990 

890 

5.4 

11.9 

5 

120 

1015 

1070 

1035 

3.5 

7,7 

T^+28°C  1016°C 

15 

153 

1005 

1090 

1050 

3.0 

6.8 

30 

150 

1035 

1105 

1055 

4.3 

9.9 

60 

154 

1050 

1110 

1095 

4.2 

9.4 

5 

144 

1020 

1090 

1030 

3,8 

8.7 

15 

141 

1020 

1085 

1050 

3.7 

8.3 

T.j  + 56°C  = 1044°C 

30 

158 

1020 

1085 

1055 

3.9 

8.6 

60 

142 

1000 

1055 

1045 

3.3 

6.6 

CP7T  04IM7 


i 


Total 

elongation 


TABLE  A9.  ROOM  TEMPERATURE  TENSJLE  PROPERTIES  OF  Ti  6AI  4V  O.IOEr 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

S It 

s ° 

■50^ 
> <;  e 

Ultimate 
tensile  stres: 
(MPa) 

Fracture 

stress 

(IVIPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

139 

930 

995 

815 

5.5 

16.1 

56*^0  948‘’C 

30 

168 

950 

1010 

830 

5.2 

14.8 

60 

154 

975 

1025 

830 

4.9 

14.8 

180 

145 

955 

1005 

835 

4.4 

13.0 

15 

133 

985 

1030 

830 

4.3 

12.8 

- 28°C  - 976°C 

30 

130 

1010 

1060 

850 

4.2 

13.8 

60 

147 

1030 

1085 

865 

4.1 

15.2 

180 

140 

1020 

1080 

860 

3.5 

14.0 

5 

135 

1015 

1075 

925 

3.4 

11.8 

+ 28°C  = 1032°C 

15 

138 

1060 

1125 

1000 

3.7 

11.0 

30 

132 

1055 

1115 

995 

3.5 

9.6 

60 

134 

1045 

1120 

1015 

3.5 

9.9 

5 

149 

1020 

1105 

970 

3.7 

11.2 

+ 56°C  1060°C 

15 

138 

1045 

1105 

985 

3.7 

10.7 

30 

142 

1080 

1150 

1020 

3.3 

1 1.4 

60 

143 

1055 

1125 

1095 

4.2 

8.6 

QP77-04S0-ie 


TABLE  All.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  O.SOEr  (INGOT  27) 


Q> 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offs 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

144 

855 

965 

760 

4.9 

13  2 

30 

T ( 56"C  926‘’’C 

60 

131 

865 

925 

780 

4.9 

12.1 

180 

125 

840 

900 

765 

5.1 

12  6 

15 

133 

955 

1005 

825 

4.8 

12.0 

30 

T ; 28‘^’C  954°C 

K 

60 

129 

935 

985 

860 

4.0 

8.6 

180 

139 

935 

995 

850 

3.2 

9.2 

5 

T^r28^C  1010'^C 

15 

135 

970 

1050 

910 

4.3 

10.8 

30 

60 

165 

980 

1080 

930 

3.8 

10.2 

5 

139 

965 

1055 

925 

4.5 

10.7 

15 

T;  + 56°C  1038°C 

y 

30 

146 

960 

1045 

910 

3.6 

10.5 

60 

147 

945 

1010 

875 

3.1 

9.6 

GP77  0490  20 


80 


TABLE  A12.  ROOM  TEMPERATURE  TENSiLE  PROPERTIES  OF  Tl  6Ai  4V  O.BOEr  (INGOT  29) 


Annealing 

temperature 

Annealing 

time 

(min) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offse 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

15 

129 

875 

905 

720 

5.9 

14.2 

30 

138 

880 

910 

755 

5.6 

13.6 

Tj  56°C  926°C 

60 

150 

890 

915 

780 

5.4 

1 1.7 

180 

123 

885 

920 

795 

5.0 

1 1.8 

15 

140 

970 

1015 

860 

3.9 

10.3 

30 

140 

930 

980 

840 

4.6 

1 1.7 

28°C  = 954°C 

60 

142 

965 

1015 

870 

3.8 

10.2 

180 

140 

970 

1020 

905 

4.2 

11.4 

5 

148 

980 

1060 

96(3 

3.6 

10.4 

V 28°C  - 1010°C 

15 

144 

1000 

1070 

955 

3.9 

10.3 

30 

14/ 

1010 

1080 

970 

3.4 

9.7 

60 

164 

1000 

1095 

940 

4.1 

1 1.8 

5 

158 

955 

1065 

940 

4.2 

1 1.3 

15 

140 

1015 

1085 

1035 

3.7 

9.2 

+ 56°C  - I038°C 

30 

148 

1030 

1070 

970 

3.4 

8.7 

60 

150 

1040 

1110 

990 

3.2 

9.7 

GP77-04M-21 


Total 

elongation 


[ 


TABLE  A13  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  Tjj  - 56“C  FOR  15  min 


Allov 

composition 

Annealing 
temperature. 
Tj  - 56°C 
(°C) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  oftse 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPal 

Uniform 

elongation 

(%) 

Total 

elongation 

(%l 

Ti  6AI  4V 

954 

136 

965 

1005 

860 

5,5 

14  4 

Ti  6AI  4V  0.020Y 

954 

137 

945 

985 

840 

5 0 

13  0 

T'  6AI  4V  0.050Y 

932 

124 

825 

905 

780 

4 4 

9 3 

Ti  6AI  4V  0.10Y 

932 

129 

870 

940 

760 

6 0 

13  5 

Ti  6AI  4V  0.30Y 

932 

140 

900 

940 

790 

5 7 

13.2 

Ti  6AI  4V  0.010MM 

932 

123 

845 

920 

795 

6 1 

12.9 

Ti  6AI  4V  0.030MM 

932 

128 

840 

900 

770 

4.8 

12.9 

Ti  6AI  4V  0.080MM 

932 

137 

890 

930 

825 

6.4 

13  3 

Ti  6AI  4V  O.IOEr 

948 

139 

930 

995 

815 

5.5 

16.1 

Ti  6AI  4V  0.30Er 

926 

103 

870 

910 

760 

5 1 

14  0 

Ti  6AI  4V  O.SOEr 
(Ingot  27) 

926 

144 

855 

965 

760 

4 9 

13.2 

TI-6AI  4V  O.SOEr 
(Ingot  29) 

926 

129 

875 

905 

720 

5.9 

14  2 

GP7I  0480  23 


TABLE  A14.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI-4V  RE 
ALLOYS  ANNEALED  AT  T|3  - 56°C  FOR  30  min 


Alloy 

composition 

Annealing 
temperature, 
JQ  - 56°C 
(°C) 

Elastic 

modulus 

(GPa) 

1 Yield  stress 
at  0.2%  offse' 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

954 

142 

1010 

1050 

870 

4.9 

14.2 

Ti-6AI  4V-0.020Y 

954 

134 

S50 

990 

835 

5.0 

12.5 

Ti  6AI  4V  0.050Y 

932 

128 

860 

945 

780 

5.8 

14.6 

Ti-6AI  4V-0.10Y 

932 

135 

920 

980 

815 

5.7 

12.7 

Ti-6AI  4V  0.30Y 

932 

139 

885 

950 

810 

6.0 

13.0 

Ti-6AI-4V0.010MM 

932 

126 

905 

945 

800 

6.8 

14.4 

Ti-6AI  4V-0.030MM 

932 

134 

915 

950 

815 

5.9 

12.9 

Ti-6AI  4V  0.080MM 

932 

147 

925 

970 

935 

6.8 

14.2 

Ti-6AI  4V  O.IOEr 

948 

168 

950 

1010 

830 

5.2 

14.8 

Ti-6AI  4V  0.30Er 

926 

106 

860 

915 

735 

5,5 

15  7 

Ti-6AI  4V  O.BOEt 

926 

(Ingot  27) 

Ti-6AI  4V  O.SOEr 

926 

138 

880 

910 

755 

5.6 

13.6 

(Ingot  29) 


OPT2  0480-23 


82 


'1 


TABLE  A15  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  T^  - 56°C  FOR  60  min 


Alloy 

composition 

0)' 

r « (D 

<TJ  5 ^ 

^ K f ^ 

< »!  K 2. 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0 2%  offset 
(MPa) 

1 

j 

Ultimate  | 

tensile  stress  | | 
(MPa) 

Fracture  ! 

stress  j 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti  6AI  4V 

954 

118 

950 

1030 

885 

4 7 

12  0 

Ti  6AI  4V  0.020Y 

954 

158 

885 

975 

950 

5 9 

13  8 

Ti  6AI  4V  0.050Y 

932 

150 

885 

935 

845 

6 1 

15  2 

Ti  6AI  4V  0.10Y 

932 

135 

910 

1000 

840 

5.3 

13  7 

Ti  6AI  4V  0.30Y 

932 

124 

935 

965 

830 

6 0 

134 

Ti  6AI  4V  0.010MM 

932 

128 

855 

940 

810 

5 8 

12  0 

Ti  6AI  4V  0.030MM 

932 

142 

890 

930 

780 

6.2 

14,1 

T1-6AI  4V  0.080MM 

932 

132 

925 

970 

870 

6.1 

12.8 

Ti  6AI  4V  O.IOEr 

948 

154 

975 

1025 

830 

4,9 

14  8 

Ti  6AI  4V  0.30Er 

926 

102 

850 

900 

740 

4 7 

13  6 

Ti  6AI  4V  O.SOEr 

926 

131 

865 

925 

780 

4 9 

12.1 

(Ingot  27) 

Ti  6AI  4V  O.SOEr 

926 

150 

890 

915 

780 

5.4 

11,7 

(Ingot  29) 

GP77  04SO  24 

TABLE  A16  ROOM  TEMPE RATURE  TENSILE  PROPERTIES  OF  Ti 
ALLOYS  ANNEALED  AT  T^  - 56°C  FOR  180  mm 

-6AI-4VRE 

Alloy 

composition 

Annealing 
temperature. 
T(J  - 56°C 
(°C) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI  4V 

954 

138 

970 

1055 

930 

4,6 

10.2 

Ti-6AI  4V  0.020Y 

954 

125 

920 

995 

855 

3.9 

10.4 

Ti  6AI  4V-0.050Y 

932 

136 

860 

950 

825 

3.7 

8.5 

Ti  6AI-4V  0.10Y 

932 

125 

900 

975 

810 

4.8 

13.3 

Ti  6AI  4V  0.30Y 

932 

136 

905 

970 

835 

4 8 

10.0 

Ti-6AI-4V  0.010MM 

932 

145 

875 

950 

825 

5.4 

1 1.0 

T16AI  4V-0.030MM 

932 

127 

815 

925 

815 

6.1 

12.8 

Ti  6AI  4V  0.080MM 

932 

133 

870 

955 

855 

6.3 

13.8 

Ti-6AI  4V  O.IOEr 

948 

145 

955 

1005 

835 

4.4 

13.0 

Ti  6AI  4V  0.30Er 

926 

113 

885 

935 

810 

4 7 

12  1 

Ti  6AI  4V  O.SOEr 

926 

125 

840 

900 

765 

5.1 

12  6 

(Ingot  27) 

Ti  6AI  4V  O.SOEr 

926 

123 

885 

920 

795 

5.0 

118 

(Ingot  29) 

Ti  6AI  4V 

982 

129 

970 

1050 

915 

3.7 

10  0 

Ti  6AI  4V  0.020Y 

982 

140 

965 

1010 

835 

4 3 

12,1 

Ti  6AI  4V  0.050Y 

960 

127 

855 

960 

805 

5 1 

1 1 2 

Ti  6AI  4V  0.10Y 

960 

126 

880 

965 

820 

5 2 

12  3 

Ti  6AI  4V  0.30Y 

960 

128 

930 

965 

825 

3,5 

10  5 

Ti  6AI  4V  0.010MM 

960 

133 

870 

935 

815 

5.7 

117 

Ti  6AI  4V  0.030MM 

960 

127 

855 

940 

820 

5.1 

10  8 

TI-6AI  4V  0.080MM 

960 

133 

920 

970 

845 

5,6 

13  5 

Ti-6AI  4V  O.IOEr 

976 

133 

985 

1030 

830 

4.3 

12.8 

Ti  6AI  4V  0.30Er 

954 

109 

965 

1020 

820 

4.3 

12  2 

Ti  6AI  4V  0.80Er 
(Ingot  27) 

954 

133 

955 

1005 

825 

4.8 

12.0 

Ti  6AI-4V  0.80Er 
(Ingot  29) 

954 

140 

970 

1015 

860 

3.9 

10.3 

GP77  04BO  26 


TABLE  A18.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI-4V  RE 
ALLOYS  ANNEALED  AT  T^  - 28°C  FOR  30  min 


Alloy 

composition 

Annealing 
temperature, 
T(3  - 28“C 
(°C) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti  6AI-4V 

982 

126 

1020 

1085 

930 

5.1 

14.9 

Ti  6AI  4V  0.020Y 

982 

128 

970 

1040 

925 

3.7 

8.3 

Ti-6AI  4V  0.050Y 

960 

134 

905 

980 

815 

5.1 

12.2 

Ti  6AI  4V  0.10Y 

960 

147 

990 

1030 

865 

5.1 

12.4 

Ti-6AI  4V  0.30Y 

960 

142 

1000 

1040 

900 

4 9 

12.3 

Ti-6AI-4V0.010MM 

960 

128 

905 

970 

830 

6.1 

12.5 

Ti  6AI-4V  0.030MM 

960 

140 

845 

950 

840 

6.3 

12.3 

Ti-6AI  4V  0.080MM 

960 

124 

950 

1000 

885 

5.1 

11.6 

Ti  6Al-4V-0.10Er 

976 

130 

1010 

1060 

850 

4.2 

13.8 

Ti  6AI  4V  0.30Er 

954 

108 

960 

1015 

840 

4 6 

13.3 

Ti-6AI  4V  O.SOEr 

954 

(Ingot  27) 

Ti  6A(  4V  O.SOEr 

954 

140 

930 

980 

840 

4.6 

11.7 

(Ingot  29) 


GP77  (M#o  27 


TABLE  A19  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  T^  - 28°C  FOR  60  min 


Alloy 

composition 

Annealing 
temperature, 
T^  - 28°C 
(°C) 

Elastic 

modulus 

(GPa) 

1 

1 

Yield  stress  ■ 

at  0.2%  offset  : 

(MPa)  1 

Ultimate  ' 

tensile  stress  | 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti  6AI  4V 

982 

131 

950 

1025 

910 

4 8 

12  3 

Ti  6AI  4V  0.020Y 

982 

142 

970 

1040 

930 

3.8 

8 3 

Ti  6AI  4V  0.050Y 

960 

138 

905 

995 

865 

5 0 

11.5 

Ti  6AI  4V  0.10Y 

960 

142 

930 

1015 

890 

5 1 

13.8 

Ti  6AI  4V  0.30Y 

960 

135 

960 

1045 

900 

4 9 

12  5 

Ti  6AI  4V  0.010MM 

960 

150 

900 

995 

875 

4.7 

9.8 

Ti  6AI  4V  0.030MM 

960 

137 

920 

980 

830 

5.8 

13  3 

Ti  6AI  TV  0.080MM 

960 

119 

980 

985 

910 

6.0 

13.1 

Ti-6AI-4V  O.IOEr 

976 

147 

1030 

1085 

865 

4.1 

15.2 

Ti  6AI  4V  0.30Er 

954 

103 

940 

1000 

825 

4.6 

13.4 

Ti  6AI  4V  0.80Er 

954 

129 

935 

985 

860 

4.0 

8 6 

(Ingot  27) 

Ti  6AI  4V  0.80Er 

954 

142 

965 

1015 

870 

3.8 

10.2 

(Ingot  29) 


TABLE  A20.  ROOM  TEMPE RATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  Tj3  - 28°C  FOR  180  mm 


Alloy 

composition 

Annealing 
temperature, 
Tj  - 28°C 
(°C) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offsi 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI  4V 

982 

120 

985 

1060 

970 

3.8 

9 2 

Ti  6AI  4V  0.020Y 

982 

121 

1005 

1075 

915 

3.3 

10  8 

Ti  6AI  4V  0.050Y 

960 

136 

930 

1005 

870 

4 4 

10  4 

Ti-6AI-4V0.10Y 

960 

130 

920 

1010 

880 

3.9 

10  9 

Ti  6AI  4V  0.30Y 

960 

142 

1000 

1060 

945 

4.7 

11  3 

Ti  6AI  4V  0.010MM 

960 

126 

955 

1020 

895 

4.7 

108 

Ti  6AI  4V  0.030MM 

960 

123 

900 

960 

865 

5.7 

12  2 

Ti-6AI  4V  0.080MM 

960 

143 

915 

990 

890 

5 4 

' 1 

Ti  6AI  4V  O.IOEr 

976 

140 

1020 

1080 

860 

3 5 

’ 4 

Ti  6AI  4V  0.30Er 

954 

107 

985 

1040 

TI-6AI  4V  O.SOEr 
(Ingot  27) 

954 

139 

935 

995 

850 

1 

Ti  6AI  4V  0.80Er 

954 

140 

970 

1020 

905 

(Inaot  29) 
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TABLE  A21,  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  T^j  ♦ 28°C  FOR  5 min 


Alloy 

composition 

Annealing 
temperature, 
T(3  + 28°C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI4V 

1038 

138 

1045 

1125 

990 

2 5 

12  0 

Ti-6AI  4V  0.020Y 

1038 

148 

990 

1060 

940 

3 6 

10  9 

Ti-6AI-4V  0.050Y 

1016 

3 8 

10.5 

Ti-6AI-4V  0.10Y 

1016 

148 

960 

1060 

940 

3 3 

10  0 

Ti  6AI-4V  0.30Y 

1016 

143 

1010 

1080 

950 

38 

115 

Ti-6AI-4V0.010MM 

1016 

150 

945 

1030 

945 

39 

9 1 

Ti-6AI-4V-0.030MM 

1016 

141 

985 

1055 

1000 

5.0 

9 5 

Ti-6AI-4V-0.080MM 

1016 

120 

1015 

1070 

1035 

3 5 

7 7 

Ti-6AI-4V-0.10Er 

1032 

135 

1015 

1075 

925 

34 

118 

Ti  6AI  4V-0.30Er 

1016 

132 

1005 

1075 

910 

3 5 

12  2 

Ti  6AI  4V  0.80Er 
(Ingot  27) 

1010 

Ti-6AI-4V  0.80Er 

1010 

148 

980 

1060 

960 

3 6 

10.4 

(Ingot  29) 


TABLE  A22.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  T^  + 28®C  FOR  15  min 


Alloy 

composition 

Annealing 
temperature, 
Tfl  + 28®C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1038 

150 

1085 

1165 

1105 

2.4 

9.2 

Ti-6AI-4V-0.020Y 

1038 

154 

1040 

1110 

1000 

3.4 

9 9 

Ti-6AI-4V-0.050Y 

1016 

152 

1025 

1085 

950 

3.0 

9.0 

Ti-6AI-4V-0.10Y 

1016 

124 

1030 

1090 

980 

3.9 

10.4 

Ti-6AI-4V-0.30Y 

1016 

156 

1045 

1105 

960 

3.4 

9.8 

Ti-6AI-4V  0.010MM 

1016 

144 

1030 

1095 

1040 

3.3 

8.2 

Ti-6AI-4V-0.030MM 

1016 

150 

1015 

1055 

990 

3.8 

9.1 

Ti-6AI-4V-0.080MM 

1016 

153 

1005 

1090 

1050 

3.0 

6.8 

Ti-6AI-4V-0.10Er 

1032 

138 

1060 

1125 

1000 

3.7 

11.0 

Ti-6AI-4V  0.30Er 

1016 

132 

1005 

1075 

925 

3.3 

10.5 

Ti-6AI-4V-0.80Er 
(Ingot  27) 

1010 

135 

970 

1050 

910 

4 3 

10.8 

Ti-6AI-4V  O.SOEr 
(Ingot  29) 

1010 

144 

1000 

1070 

955 

3.9 

10.3 

GPT7  OMO'JI 


TABLE  A23.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  T(j  + 28°C  FOR  30  mm 


Alloy 

composition 

Annealing 
temperature, 
T(3  + 28°C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  off  SI 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1038 

147 

1085 

1040 

1110 

2.2 

7 2 

Ti  6AI  4V  0.020Y 

1038 

128 

1000 

1055 

945 

4.5 

11.1 

Ti-6AI-4V  0.050Y 

1016 

165 

980 

1095 

975 

4.1 

11.1 

Ti-6AI-4V  O.lOY 

1016 

135 

1030 

1115 

1005 

4.3 

113 

Ti  6AI-4V  0.30Y 

1016 

168 

1045 

1120 

960 

3.9 

11.1 

Ti-6AI-4V-0.010MM 

1016 

134 

1030 

1090 

990 

3.2 

8.3 

Ti  6AI-4V-0.030MM 

1016 

146 

1040 

1090 

1030 

4.1 

9.1 

Ti-6AI  4V  0.080MM 

1016 

150 

1035 

1105 

1055 

4.3 

9.9 

Ti  6AI  4V  O.lOEr 

1032 

132 

1055 

1115 

995 

3.5 

9.6 

Ti  6AI-4V  0.30Er 

1016 

135 

1015 

1105 

960 

3.5 

12.0 

Ti-6A1-4V  O.SOEr 

1010 

(Ingot  27) 

Ti-6AI-4V  0.80Er 

1010 

147 

1010 

1080 

970 

3.4 

9.7 

(Ingot  291 
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TABLE  A24.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Ti-6AI-4V-RE 
ALLOYS  ANNEALED  AT  T(j  + 28°C  FOR  60  min 


Alloy 

composition 

Annealing 
temperature, 
T(3  + 28®C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1038 

138 

1070 

1155 

1140 

1.9 

3.2 

Ti-6AI-4V-0.020Y 

1038 

150 

1030 

1090 

1000 

3.0 

9.2 

Ti-6AI-4V-0.050Y 

1016 

165 

990 

1090 

975 

4.4 

11.4 

Ti  6AI-4V-0.10Y 

1016 

158 

1025 

1110 

1010 

3.3 

9.2 

Ti-6AI-4V-0.30Y 

1016 

142 

1090 

1145 

1020 

3.6 

10.6 

Ti-6AI-4V-0.010MM 

1016 

144 

1020 

1080 

1005 

2.9 

7.3 

Ti-6AI-4V-0.030MM 

1016 

136 

985 

1050 

995 

2.1 

5.3 

Ti-6AI-4V-0.080MM 

1016 

154 

1050 

1110 

1095 

4.2 

9.4 

Ti-6AI-4V  O.IOEt 

1032 

134 

1045 

1120 

1015 

3.5 

9.9 

Ti-6AI-4V  0.30Er 

1016 

130 

975 

1040 

870 

3.8 

11.9 

Ti-6AI-4V-0.80Er 
(Ingot  271 

1010 

165 

980 

1080 

930 

3.8 

10.2 

Ti-6At-4V  O.SOEr 
(Ingot  29) 

1010 

164 

1000 

1095 

940 

4.1 

11.8 

OP7r-S4M'91 
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TABLE  A25.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti-6AI-4V  RE 
ALLOYS  ANNEALED  AT  + 56°C  FOR  5 min 


Alloy 

composition 

Annealing 
temperature, 
JQ  + 56°C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1066 

130 

1020 

1105 

990 

3.8 

12.1 

Ti-6A(-4V-0.020Y 

1066 

144 

1035 

1090 

980 

4.0 

10.3 

Ti-6AI-4V-0.050Y 

1044 

154 

1000 

1070 

930 

4.5 

12.3 

Ti  6AI-4V-0.10Y 

1044 

148 

1020 

1090 

955 

3.9 

12.0 

Ti  6AI  4V-0.30Y 

1044 

148 

1030 

1105 

965 

3.4 

10.2 

Ti-6AI-4V-0.010MM 

1044 

159 

970 

1065 

965 

4.0 

10.7 

Ti  6AI-4V-0.030MM 

1044 

134 

1015 

1085 

980 

3.0 

8.8 

Ti-6AI-4V-0.080MM 

1044 

144 

1020 

1090 

1030 

3.8 

8.7 

Ti-6AI-4V  O.IOEr 

1060 

149 

1020 

1105 

970 

3.7 

11.2 

Ti-6AI  4V  0.30Er 

1044 

132 

955 

1010 

880 

3.7 

10.8 

Ti  6AI-4V-0.80Er 
(Ingot  27) 

1038 

139 

965 

1055 

925 

4.5 

10.7 

Ti  6AI-4V  O.SOEr 

1038 

158 

955 

1065 

940 

4.2 

11.3 

(Ingot  29) 
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TABLE  A26.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Ti-6AI-4V-RE 
ALLOYS  ANNEALED  AT  T(3  + 56°C  FOR  15  min 


Alloy 

composition 

Anrtealing 
temperature, 
J0  + 56®C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1066 

141 

1090 

1170 

1155 

2.6 

5.8 

Ti-6AI-4V-0.020Y 

1066 

158 

1015 

1095 

1040 

3.8 

9,9 

Ti-6AI-4V  0.050Y 

1044 

138 

1005 

1070 

940 

4.1 

12,1 

Ti-6AI-4V-0.10Y 

1044 

136 

1005 

1070 

925 

3.8 

13.0 

Ti  6AI-4V-0.30Y 

1044 

150 

1020 

1115 

970 

4.3 

12.5 

Ti-6AI-4V-0.010MM 

1044 

158 

1005 

1075 

1035 

3.8 

8.3 

Ti-6AI-4V-0.030MM 

1044 

150 

1025 

1080 

1040 

4.3 

9.5 

Ti-6AI-4V-0.080MM 

1044 

141 

1020 

1085 

1050 

3.7 

8.3 

Ti-6AI-4V  O.IOEr 

1060 

138 

1045 

1105 

985 

3.7 

10.7 

Ti-6AI-4V  0.30Er 

1044 

138 

975 

1045 

895 

3.5 

10.6 

Ti-6AI-4V  0.80Er 

1038 

(Ingot  27) 

Ti-6AI-4V  0.80Er 

1038 

140 

1015 

1085 

1035 

3.7 

9.2 

(Ingot  29) 
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TABLE  A27.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti  6AI  4V  RE 
ALLOYS  ANNEALED  AT  T^j  + 56“C  FOR  30  min 


« 


Alloy 

composition 

Annealing 
temperature, 
Tfl  + 56°C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offsi 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1066 

170 

1090 

1145 

1120 

3.2 

7 8 

Ti-6AI  4V  0.020Y 

1066 

170 

1035 

1105 

1065 

3.8 

9 4 

Ti-6AI  4V  0.050Y 

1044 

150 

1045 

1100 

970 

4.0 

11.7 

Ti6AI4V0.10Y 

1044 

151 

1015 

1075 

955 

3.7 

10.6 

Ti6AI4V0.30Y 

1044 

162 

1050 

1120 

960 

4.2 

14.2 

Ti-6AI-4V  0.010MM 

1044 

156 

1010 

1060 

1020 

3.3 

8.0 

Ti  6AI-4V-0.030MM 

1044 

129 

1005 

1070 

1030 

3.3 

8.0 

Ti-6AI-4V-0.080MM 

1044 

158 

1020 

1085 

1055 

3.9 

8.6 

Ti-6AI-4V-0.10Er 

1060 

142 

1080 

1150 

1020 

3.3 

11.4 

Ti-6AI-4V  0.30Er 

1044 

142 

985 

1070 

930 

3.5 

10.2 

Ti-6AI-4V-0.80Er 
(Ingot  27) 

1038 

146 

960 

1045 

910 

3.6 

10.5 

TI-6AI-4V  0.80Er 

1038 

148 

1030 

1070 

970 

3.4 

8.7 

(Ingot  29) 
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TABLE  A28.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  Ti-6AI-4V  RE 
ALLOYS  ANNEALED  AT  T^  + 56®C  FOR  60  min 


Alloy 

composition 

Annealing 
temperature, 
Tfl  + 56®C 
(OC) 

Elastic 

modulus 

(GPa) 

Yield  stress 
at  0.2%  offset 
(MPa) 

Ultimate 
tensile  stress 
(MPa) 

Fracture 

stress 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Ti-6AI-4V 

1066 

128 

1105 

1165 

1160 

2.4 

4.8 

Ti-6AI-4V0.020Y 

1066 

150 

1070 

1130 

1015 

3.6 

8.4 

Ti-6AI-4V  0.050Y 

1044 

128 

975 

1050 

895 

3.4 

12.2 

Ti-6AI-4V-0.10Y 

1044 

142 

1030 

1100 

975 

4.0 

11.5 

Ti-6AI-4V  0.30Y 

1044 

140 

1035 

1100 

970 

2.8 

8.5 

Ti-6AI-4V-0.010MM 

1044 

147 

995 

1075 

1020 

3.0 

8.8 

Ti-6AI-4V  0.030MM 

1044 

141 

1025 

1070 

1045 

3.3 

6.3 

TI-6AI-4V  0.080MM 

1044 

142 

1000 

1055 

1045 

3.3 

6.6 

Ti-6AI-4V-0.10Er 

1060 

143 

1055 

1125 

1095 

4.2 

8.6 

Ti-6AI-4V-0.30Er 

1044 

165 

1005 

1095 

950 

3.7 

12.1 

Ti-6AI-4V-0.80Er 
(Ingot  27) 

1038 

147 

945 

1010 

875 

3.1 

9.6 

Ti-6AI-4V  O.SOEr 

1038 

150 

1040 

1110 

990 

3.2 

9.7 

(Ingot  29) 
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